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Abstract
After an introduction to the hierarchy problem and to Supersymmetry in the first
Chapter, we discuss a motivated non-standard pattern of sparticle masses in the
context of extensions of the Minimal Supersymmetric Standard Model (MSSM). In
the second Chapter, adopting a bottom-up point of view, we make a comparative
study of the simplest extensions of the MSSM with extra tree level contributions
to the lightest Higgs boson mass. We show to what extent a relatively heavy Higgs
boson, up to 200÷ 300 GeV, can be compatible with data1 and naturalness. The
price to pay is that the theory undergoes some change of regime at a relatively
low scale. Bounds on these models come from electroweak precision tests and
naturalness, which often requires the scale at which the soft terms are generated
to be relatively low. In the third Chapter, focussing also on the lack of signals
so far in the flavour sector, we argue in favour of supersymmetric extensions of
the Standard Model where, besides a lightest Higgs boson between 200 and 300
GeV, we have the first two generations of sfermions above 20 TeV. We summarize
the main consequences of this pattern of masses for the LHC and we analyze
the consequences of a heavier than normal Higgs boson for Dark Matter. In the
fourth Chapter, in a supersymmetric model with hierarchical squark masses, we
analyze a pattern of flavour symmetry breaking that, for sufficiently heavy squarks
of the first and second generation, leads to effective Minimal Flavour Violation
of the Flavour Changing Neutral Current amplitudes. For this to happen we
determine the bounds on the masses of the heavy squarks with QCD corrections
taken into account, properly including previously neglected effects. Unlike the
case of standard Minimal Flavour Violation, we show that all the phases allowed
by the flavour symmetry can be sizable without violating existing Electric Dipole
Moment constraints, thus solving also the SUSY CP problem. Finally in Chapter
five we discuss a more ambitious pattern based on the U(2)3 flavour symmetry.
1NOTE ADDED: During the time between the approval and the defense of this Thesis, a
SM-like Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l.
by the LHC collaborations [1]. The considerations of Chapters 2 and 3 are thus now excluded
unless the couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with
respect to the SM ones.
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CONTENTS CONTENTS
This Thesis is mainly based on the papers [2]- [7], whose results have been pre-
sented by the candidate at the SNS of Pisa (17/02/10), at the EPFL of Lausanne
(20/06/11) and in the following conferences: IFAE 2010, Roma, Italy (07/04/10)
[8]; Young Researchers Workshop 2010, Frascati, Italy (10/05/10) [9]; Planck 2010,
CERN, Switzerland (01/06/10); ICHEP 2010, Paris, France (24/07/10) [10].
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Chapter 1
Introduction
The Standard Model of Particle Physics (SM), eventually with the minimal addi-
tion of right handed neutrinos, is at present the reference theory of High Energy
Physics. Up to now it has passed every experimental test, and there is no unam-
biguous direct hint of additional structure. There are however indirect hints that
clearly point towards New Physics (NP), and maybe to NP at the relatively low
energy scale of the TeV.
In this Chapter we very briefly introduce the SM1, we discuss the reasons
why it is plausible to expect NP2 to be visible at the 14 TeV c.o.m. energy of
the CERN Large Hadron Collider (LHC), and we introduce Supersymmetry. A
detailed outline of the project is given in the last section.
1.1 The Standard Model
The electromagnetic, weak and strong interactions are described by a gauge theory
based on the symmetry group:
GSM = SU(3)c × SU(2)L × U(1)Y . (1.1.1)
This completely specifies the gauge field content (spin 1 vectors), which is eight
gluons for the colour SU(3)c and four other vectors for the electroweak SU(2)L×
U(1)Y .
The matter fields, which come in three generations or ‘flavours’, are spin 1
2
fermions for which we adopt the concise notation: Q = (uL, dL)
T , u = u†R , d = d
†
R
for quarks, and analogously L = (nL, eL)
T , n = n†R , e = e
†
R for leptons. Notice
that we have included the right handed neutrino nR, although strictly speaking
1See [11] for a relatively recent compact review.
2See [12–15] for relatively recent reviews.
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this would be already ‘Beyond the Standard Model’ (BSM). The transformation
properties of these fields under GSM is given in Table 1.1.
Q d u L e n
Y 1
6
1
3
−2
3
−1
2
1 0
SU(2)L 2 1 1 2 1 1
SU(3)c 3 3 3 1 1 1
Table 1.1: Quantum numbers of the matter fermion fields of the SM.
The above assumptions, which specify all but one of the ingredients of the
SM, are enough to precisely predict the structure of all the 3-point functions
of the theory, i.e. the interaction involving three particles. Indeed, the whole
construction was originally motivated by the need of explaining the universality of
the couplings of the various fermions to the vector fields, which has been verified
at the permille level at LEP [16]. To a lesser accurancy, also the triple gauge
vertices in the SU(2)L×U(1)Y sector have been found in agreement with the SM
prediction. We can thus conclude that the gauge symmetry (1.1.1) is unbroken in
all the currents and charges of the theory and, needless to say, that it would be
very difficult to explain the observations without this symmetry.
However there is obvious evidence that the SU(2)L × U(1)Y part of the GSM
symmetry is badly broken in the 2-point functions, i.e. by the particle masses.
In fact three (W±, Z) of the four gauge bosons of this ‘electroweak’ sector are
massive (the other one being the massless photon γ), together with the matter
fermion fields, while it is evident that the only possible mass term compatible with
(1.1.1) is a Majorana mass for the right handed neutrinos. This is a clear signal
of Spontaneous Symmetry Breaking (SSB), and the simplest choice is to realize it
through the Higgs mechanism [17]. The minimal addition of a colourless complex
scalar doublet H, (2) of SU(2)L with Y =
1
2
and negative squared mass, concludes
the particle content of the SM. The Lagrangian of the SM is then defined [18,19] as
the most general renormalizable one which is compatible with the gauge symmetry
(1.1.1).
Let us then very briefly summarize the present status of the various sectors of
the theory, referring for example to [15] for a recent review.
1. Strong sector. Quantum ChromoDynamics (QCD) stands as one of the
best established building blocks of the SM. There are no theoretical problems
in its foundations and the comparison with the experiments is excellent.
Although its formulation is very simple:
LQCD = −1
4
GaµνG
µν
a +
∑
q
ψq(i /D −mq)ψq , (1.1.2)
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the theory has an extremely rich dynamical content. The noperturbative
properties are responsible for the complexity of the hadronic spectrum,
colour confinement, and a nontrivial vacuum topology. There is also lattice
evidence for a phase transition at TC ∼ 175 MeV; this ‘quark-gluon plasma’
phase is looked for in heavy ion collider experiments such as ALICE.
On the other hand due to asymptotic freedom it is possible to perform per-
turbative calculations at energies much higher than the QCD scale ΛQCD ∼
200 MeV.3 In order to compare the predictions with any collider experiment,
it is necessary to match the perturbative QCD computation with a (Monte
Carlo) Parton Shower algorithm which resums the dominant corrections,
together with some hadronization model4. It is then clear why a lot of effort
is made for improving and understanding these instruments, since they are
nowadays at the basis of the comparison between theory and experimental
data.
2. Flavour physics. Neglecting right handed neutrinos, which are presumably
very heavy, the U(3)5 flavour symmetry (one group factor for each species
in Table 1.1) of the fermion kinetic terms is explicitly broken by the Yukawa
interactions with the Higgs field:
LY uk = −HQY uu−H†(QY dd+ LY ee) (1.1.3)
where the correct Lorentz and SU(2)L contractions are understood and
Y u,d,e are 3× 3 matrices. These matrices can be diagonalized through field
redefinition, so that in (1.1.3) we can replace Y d,e → Y d,ediag while:
Y u → V TCKMY udiag (1.1.4)
since we are not free to rotate Q anymore. All the flavour violation is
thus encoded in the Cabibbo Kobayashi Maskawa (CKM) unitary matrix
VCKM [22, 23], and the residual symmetry just implies the conservation of
Baryon and individual Lepton numbers.
The ‘CKM picture’ of the SM is in extremely good agreement with data
[24,25], and this fact imposes very strong constraints on any model invoking
new physics at the TeV scale. In fact if one adds to LSM a higher dimensional
operator with generic flavour structure and coefficient of order one divided
by powers of the NP energy scale Λ, then the bounds on Λ are in the
103 ÷ 105 TeV range5. A possible way out is for example to ensure that
3See [20] for a review.
4See [21] for a recent review on Monte Carlo simulations.
5For an updated review see [26].
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the relevant effects occur only at the loop level and moreover that there is
some suppression mechanism, as in the case of Minimal Flavour Violation
(MFV) [27]. In this last case, looking at the quark sector, one assumes that
the theory has the maximal Flavour symmetry U(3)3 which is then broken
down to the baryon number by the Yukawa couplings:
GF = U(3)Q × U(3)u × U(3)d Yu Yd→ U(1)B (1.1.5)
The Yu,d are seen as spurions with transformation properties (3, 3, 1) and
(3, 1, 3) under GF . If one considers the SM as a low energy effective the-
ory and introduces higher dimensional operators respecting this symmetry
principle, then one finds that there is a CKM-like suppression of the various
coefficients so that Λ can now be the TeV scale.
3. Neutrino sector. Including also right-handed neutrinos in the previous
discussion, individual Lepton numbers are not conserved anymore: this is
precisely what is needed in order to deal with neutrino oscillations, which
can thus be explained in terms of neutrino masses and mixings6.
4. Electroweak sector. The ElectroWeak Symmetry Breaking (EWSB) in
the SM is due to the negative squared mass of the Higgs doublet, which
causes H to take a nonzero vacuum expectation value (vev):〈
H†H
〉
= v2 ∼ (175 GeV)2 . (1.1.6)
The three Goldstone bosons become the longitudinal components of the W
and Z gauge bosons, and the spectrum contains one residual scalar particle
h which is the well known (so far experimentally missing) Higgs boson. For
the massive vectors this implies the tree level relation:
m2W
m2Z cos
2 θW
≡ ρ = 1 (1.1.7)
where θW is the Weinberg angle. A full fit of the ElectroWeak Precision
Tests (EWPT) compared with the SM including radiative corrections to
(1.1.7) and to other parameters [29], taking also the nonobservation of h at
LEP into account [30], gives [16,31]:
114 GeV ≤ mh ≤ 154 GeV (95% c.l.) (1.1.8)
Both the upper bound (quite easily) and the lower one (not without ad-
justements) can be generally relaxed in extensions of the SM. A theoretical
6For an updated review see [28].
6
The hierarchy problem Introduction
lower limit on mh can also be derived by requiring that the Higgs quartic
coupling does not run negative up to some scale Λ (‘vacuum stability’): the
result is below the experimental bound for Λ ∼ few TeV and mh ≥ 130 GeV
for Λ ∼ MPl [32]. Analogously an upper bound can be derived requiring
perturbativity up to some high scale (‘no Landau pole’), and the result is
mh ≤ 600÷800 GeV for Λ ∼ few TeV and mh ≤ 180 GeV for Λ ∼MPl [33].
We can thus say that the SM Higgs boson should be fully within the range
of the LHC. Very likely, if absent, a SM-like Higgs boson will be excluded
at 95% c.l. already in the present run [34].
1.2 The hierarchy problem
If, as already said, the SM is in full agreement with data, why nobody believes
that it is the ‘ultimate’ theory of Nature? The answer is that there are many
indirect and theoretical arguments against this view. Besides the hierarchy or
‘naturalness’ problem, which is the main subject of this section, we can list very
briefly the most robust ones:
• Gravity is left aside, while we know that it exists and we presume that it
becomes important for Particle Physics at the scale MPl ∼ 1019 GeV.
• Dark matter is required to explain astrophysical observations, but no SM
particle can account for it.
• Charge quantization most likely suggests that the SM gauge group (1.1.1)
is embedded at higher energy into a larger one which would unify all the
fundamental interactions.
• Neutrino masses as already said require either right-handed neutrinos
with a very large mass or something else at a high energy; in any case a new
high scale must be introduced.
• The pattern of fermion masses and mixings does not have a rationale.
• The strong CP probelm is unexplained7.
• Matter/antimatter asymmetry and inflation8 cannot be explained
within the SM.
7See [35] for a review.
8Except if the Higgs boson itself is the ‘inflaton’ [36].
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On the top of all (but not decoupled from the above issues!) there is the
hierarchy problem [37, 38], which we now discuss. The point of view outlined
below is ‘philosophically’ inspired by [39]. In a nutshell, the point is that the mass
of a scalar particle which is not protected by any symmetry tends to receive, from
any particle or interaction, radiative corrections of the order of the corresponding
energy scale. Thus it is difficult to understand why the SM Higgs boson mass is
just of the order of 100 GeV, if there is NP at much higher scales as the above
points strongly suggest. The issue is not free of ambiguities, and depends very
much on the hypotheses that one decides to make; we will come back to this point
in section 1.2.2.
1.2.1 Interpretation of the quadratic divergences
It is sometimes believed that the hierarchy problem is due to the fact that the
radiative corrections to the Higgs boson mass are quadratically divergent, if we
regularize the loop integrals with a sharp momentum cutoff. Although there is of
course some truth in this sentence, it is not just like this at least for two reasons:
1. The sharp momentum cutoff is just one of the many possible ways to make
the loop integral finite, and it is well known that physics does not depend
on the regularization procedure. For example in dimensional regularization
there are no quadratic divergences, but of course this does not mean that
the hierarchy problem disappears.
2. Also a fermion loop on the photon line is quadratically divergent, but this
does not mean that a massless photon is unnatural.
Of course the issue is more serious and not that naive, as we now show.
Figure 1.1: One loop corrections to the self energy of the scalar h, see text.
Consider a fermion field f with Yukawa coupling:
LY ukawa = −y h fL fR + h.c. (1.2.1)
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and let us regularize the loops with a cutoff Λ. Its contribution to the h scalar
self energy Π(p2) (Figure 1.1 left) at zero momentum, and thus to mh, is:
δm2h|f = Πf (p2)|p2=0 = −
y2
4pi2
∫ 1
0
dx
[
Λ2 − 3∆f log
(
Λ2 + ∆f
∆f
)
+ ...
]∣∣∣∣
p2=0
(1.2.2)
where ∆f = m
2
f − x(1− x)p2, p is the momentum of the h line and ‘...’ are finite
terms.
Let us now consider a process involving energy scales µ much higher than
the value of the mass of the scalar particle when it is produced on shell, the
so-called ‘pole mass’ because it corresponds to the pole of the propagator (µ 
mpoleh ). If we do renormalized perturbation theory using m
pole
h for the scalar mass,
then quantum effects will give in general significant corrections to the physical
observables, and it will be necessary to compute the relevant amplitudes at many
orders in perturbation theory. It is instead convenient to treat mh as a parameter
of perturbation theory, defined by a renormalization prescription at the scale µ,
for example:
S−1ren(p
2)|p2=µ2 = µ2 −m2h(µ) (1.2.3)
where Sren(p
2) is the renormalized propagator of the scalar h. As a result mh
becomes an ‘effective mass’ and starts running with the energy scale µ according
to the Renormalization Group (RG) flow, like the other parameters of perturbation
theory, with initial condition:
mh(m
pole
h ) = m
pole
h . (1.2.4)
In this way the most important quantum corrections are resummed provided that
one uses the value of this ‘running mass’ mh(µ) to compute the mass effects in a
process involving the typical momentum scale µ. Thus mh(µ) is ‘the mass that
minimizes the quantum corrections if we probe the theory at the energy scale µ’.
On the other hand, consider a fundamental theory that describes the physics at
a very high energy scale Λin, and suppose that the value of the mass of our scalar
particle is derived from the fundamental parameters of the theory at this high
scale. Then, from the point of view of the fundamental theory, the ‘initial value’
of this parameter will be mh(Λin) at the scale Λin, to be run down according to
the RG flow.
Actually there is an ambiguity here, because the running mass can be defined in
different ways by using renormalization conditions different from (1.2.3). However
this does not influence the essence of the problem, in fact notice that:
• The quadratic divergence is canceled once and for all by the counterterm,
so that it does not play any physical role.
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• If µ < mf then the logarithm in (1.2.2) is rougly independent on p2, and it
is again canceled by a constant counterterm.
• If µ > mf the correction starts being logarithmically energy dependent. This
behaviour cannot be reabsorbed in the counterterms, which are polynomial
functions of the momentum. The unavoidable consequence is that mh starts
running according to the Renormalization Group Equation (RGE) :
dm2h(µ)
d log µ
= −3y
2
4pi2
m2f + ... . (1.2.5)
where ‘...’ stands for other terms that are eventually present, for example
proportional to m2h itsef. Notice that this does not depend on having used
a cutoff regularization instead of other methods, although in mh(µ) there is
some ambiguity related to the renormalization conditions that one chooses.
However this ambiguity is only related to the polynomial terms in the self
energy Π(p2) as a function of p2, and it reflects the possibility of a different
choice of the counterterms, while the logarithmic contribution is completely
fixed by the theory.
From the point of view of renormalized perturbative quantum field theory,
we can thus say that the hierarchy problem stems from (1.2.5) and not, strictly
speaking, from the quadratic divergence in (1.2.2)! Recall in fact that, for a
fermion mass, the RGE is always proportional to itself thanks to chiral symmetry,
and thus a fermion mass ‘tends to remain small if it is initially small’. Analogously,
the photon mass is protected by the gauge symmetry, and the quadratic divergence
comes from the fact that a sharp momentum cutoff is not gauge invariant: once
we remove it through a constant counterterm, we do not have any running, so
that if it is initially zero it remains zero.
Let us now think about what (1.2.5) means, posponing to Section 1.2.2 a
more detailed ‘philosophical’ discussion. Since analogous effects come from the
interaction with scalar particles (Figure 1.1 right) or vectors, the above result
shows that the running mass of a scalar particle takes contributions from the
mass of any particle it couples to. Suppose now that we look at the SM as the
low energy remnant of a more complete theory, whose parameters are given at
the ‘input scale’ Λin, and we want to try to construct this theory. The question
that one has to ask himself is whether it is easy or not to do that. The hierarchy
problem amounts to recognize that the answer is that it is highly nontrivial! In
fact we have to specify the value of mh(Λin), where now h is the Higgs boson, and
then run it down to low energy in order to find the value mh(ΛSM). Let us see
how precise this initial condition must be. To this end we change it by a small
amount , and see how the low energy theory is modified:
mh(Λin)→ (1 + )mh(Λin) ⇒ mh(ΛSM)→ (1 + ∆ )mh(ΛSM) . (1.2.6)
10
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Equation (1.2.5) with mf ∼ Λin is a fair way to mimic the effect of the coupling
of h to the high energy (or short distance) physics, and the result is:
∆ =
d logm2h(ΛSM)
d logm2h(Λin)
∼ Λ
2
in
m2h(ΛSM)
(1.2.7)
The unavoidable conclusion is that, to guarantee mh(ΛSM) ∼ 102 GeV assuming
that the input scale Λin is at least the Planck scale MPl ∼ 1019 GeV, requires the
initial condition to be given at least with the precision of one part over ∆ ∼ 1034.
This is the hierarchy problem in terms of finetuning, as originally defined in [40,41],
and (1.2.7) is usually refered to as the amount of finetuning (or inverse finetuning).
Before switching to more ‘philosophical’ aspects, let us make a short remark
about the quardatic divergences. Is it completely wrong to talk about naturalness
in terms of them? Suppose that the hierarchy problem is solved by means of a
symmetry which protects the Higgs boson mass against large corrections. This
symmetry has to be broken at low energy, and it will be restored at some higher
scale ΛNP . In particular at energies higher than ΛNP there will be additional
particles and interactions which ‘symmetrize’ (i.e. cancel) the contribution of SM
fermions to the running of mh. If we regularize the various contribuitions to the
self energy with a cutoff Λ, we must have something like (1.2.2) with mf replaced
by ΛNP . Then the quadratic divergence will cancel out because of the symmetry,
but in general there will be finite and logarithmic terms with coefficient of the
form:
y2
4pi2
Λ2NP (1.2.8)
Since at higher energy the theory respects the symmetry, ΛNP is the largest non
symmetric scale to which the Higgs boson is coupled, and thus it will replace Λin
in (1.2.7). At the end of the day we obtain, for the dominant top contribution:
δm2h ∼
3y2t
4pi2
Λ2NP < ∆×m2h ⇒ ΛNP . mh
√
4pi2
3y2t
×
√
∆ ∼ 1÷ 2 TeV (1.2.9)
where ∆ is the finetuning we tolerate, and we have set ∆ = 10 and mh = 100÷200
GeV in the last step. Thus after all the usual ‘naive’ estimate is absolutely correct,
as one would have guessed thinking in terms of effective theories9.
1.2.2 Possible solutions of the hierarchy problem
As already said, naturalness arguments are not free of ambiguities and depend on
the hypotheses that one decides to make. Nevertheless, not without simplification,
we can say that there are five main possibile attitudes:
9See [42] for an introduction.
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1. Not to believe that it is a problem. However one should not forget
that, without extreme adjustement of parameters (see next point), this view
is equivalent to making the following hypotheses:
h1′) The SM is the ultimate theory and no other fundamental
scale exists in Nature or, if there exist any such new (1.2.10)
fundamental scale, it is totally decoupled from the SM
(in spite of the presence of gravity).
With this assumption the SM is absolutely natural. The Higgs boson has a
mass which is exactly of the same order of the only energy scale he couples
to, which is the Fermi scale v.
This hypothesis however is somewhat ‘scientifically arrogant10’, or at least it
denies the view that the SM is the low energy remnant of a more fundamental
theory. Also in light of what said at the beginning of Section 1.2, anybody
can judge how defendable it is.
2. The way of finetuning. In this case we agree on the fact that new physics
exists, and we accept the tremendous finetunig required for having a light
Higgs boson in the low energy theory, that is the SM. The best way to
support this view is through anthropic arguments. For example, the cos-
mological constant poses another huge unsolved naturalness problem, yet
its value is close to the upper bound beyond which galaxy formation is not
possible [44]. Analogously with mh very different from its value we would
not have atoms, and again life would be impossible. One can then say that,
if we live in a Multiverse where different physics takes place in different
Universes, our one is maybe not ‘natural’ but it is one of the few which can
allow our existence.
This position is undoubtly respectable, although to many people it seems
much like ‘giving up’ and avoiding to face the problem.
3. The way of symmetry. Suppose that we reject extreme finetuning and
we make the following hypotheses:
h1) The SM is not the ultimate theory and
other fundamental scales do exist in Nature
h2) There are no fine adjoustments. (1.2.11)
h3) The parameters of the low energy theory are
calculable in terms of those of the full one.
10One should always be open to the possibility that there is something to discover: “There
are more things in heaven and earth, Horatio, than are dreamt of in your philosophy” [43].
12
The hierarchy problem Introduction
As already said h1 is almost undeniable, and the existence of gravity as a
fundamental interaction implies that the input scale Λin is at least as large
as MPl. If we make these hypotheses, the unambiguous consequence is that
New Physics must respect a symmetry which protects the Higgs boson mass.
Moreover the characteristic energy scale at which this symmetry (and thus
this NP) manifests itself cannot be much different from estimates like (1.2.9).
One may also give up h3 insisting on h1, h2 only. In this case one is led to
strongly coupled theories in which the Higgs boson is a composite object, or
more generally there is a composite sector which breaks the EW symmetry
that may or may not contain a Higgs-like composite particle (in the latter
case we speak about ‘higgsless’ models). For example the problem disap-
pears if the Higgs boson is a condensate of new fermions, so that there are
no elementary scalar particles in the fundamental high energy theory, as in
Technicolor models11. This possibility is indeed very plausible, since it is
exactly what happens to QCD when the quarks combine to form mesons.
The main difficulty in this case is dealing with the EWPT and with the lack
of calculability.
4. The way of reducing the hierarchy. Another possible way to avoid the
hierarchy problem is to eliminate the hierarchy, i.e. to makeMPl not far from
the TeV scale. This is possible in the context of Large Extra Dimensions
(LED) [46,47], in which the ‘volume’ of the n compactified extra dimensions
reduces the true Planck scale M∗Pl to:
MPl →M∗Pl =
(
M2Pl
V(n)
) 1
n+2
(1.2.12)
so that it can be M∗Pl MPl if V(n) is large in TeV−n units. This possibility
is not incompatible with the experiments, if only gravity can propagate in
the extra dimensions. A realistic model has not emerget yet, in fact one
can argue that the hierarchy has just been ‘transfered’ to V(n) (why is it
large?). In any case from a phenomenological point of view this stands as
a very interesting possibility to be checked at colliders [48–50], and in fact
new relevant bounds are already coming from the LHC [51]. In line with the
idea of extra dimensions, another promising possibility is that of a hierarchy
due to a ‘warp’ factor [52, 53], which however can be seen to be equivalent
to a 4-dimensional strongly coupled conformal field theory (see also section
1.2.3 below).
11See [45] for a recent review.
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In the present study we will take the view of point 3, with hypotheses h1−h3
(1.2.11). The most popular related possibilities are the Higgs as a Pseudo-
Goldstone boson12, EWSB through boundary conditions of extra dimensions in
which the Higgs boson is the fifth component of a gauge field [55], and Supersym-
metry13. From now on we will focus on this last one, which is often considered
‘the standard way beyond the Standard Model’.
1.2.3 A remark
As a last quick remark, notice that the separation between the various construc-
tions detailed above is not always well defined. In fact in Quantum Field Theories
there are dualities like the AdS/CFT correspondence [71], so that a model can be
exactly equivalent to a completely different one. For this reason one should insist
on the experimental signatures of a model and not on practically ‘unobservable
aspects’, like e.g. the fact of involving hidden dimensions.
1.3 Supersymmetry
To start with, let us suppose that besides the fL,R fermion field(s) of (1.2.1) we
have two complex scalar particles sL,R with couplings:
Lscalars = −λ
2
h2(|sL|2+|sR|2)−h(µL|sL|2+µR|sR|2)−m2L|sL|2−m2R|sR|2 . (1.3.1)
Their contribution to the self energy of h at p2 = 0 is:
δm2h|s(4) = Πs(4)(p2)|p2=0 (1.3.2)
=
λ
16pi2
[
2Λ2 −m2L log
(
Λ2 +m2L
m2L
)
−m2R log
(
Λ2 +m2R
m2R
)
+ ...
]∣∣∣∣
p2=0
from Figure 1.1 center, and:
δm2h|s(3) = Πs(3)(p2)|p2=0 (1.3.3)
= − 1
16pi2
∫ 1
0
dx
[
µ2L log
(
Λ2 + ∆L
∆L
)
+ µ2R log
(
Λ2 + ∆R
∆R
)
+ ...
]∣∣∣∣
p2=0
from Figure 1.1 right, with again ∆L,R = m
2
L,R − x(1− x)p2. We immediatly see
that if λ = 2y2 the quadratic divergence of (1.2.2) is canceled, and if it is also
12For a recent review and list of references see [54].
13A reasonalbly fair ‘historical list of references’ could be the following: for the initial ac-
tivity (before 1980) [56]; for softly broken Supersymmetry [57, 58]; for minimal Supergravity
(mSUGRA) [59–62]; for gauge madiation [63–65].
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mf = mL = mR = m˜ and µ
2
L = µ
2
R = 2λm
2
f the logarithmic divergences are
canceled too. Supersymmetry (SUSY)14 is precisely a fermion-boson symmetry
which guarantees the above conditions. By properly renormalizing the theory one
can see that in the RGE of mh there are no terms proportional to m˜, that is:
dm2h
d log µ
∝ m2h . (1.3.4)
The situation is now much different from (1.2.5)! We can say that a scalar particle
can couple to a supersymmetric system at arbitrarily high energy scales without
receiving large contributions to its mass. The analog of equation (1.3.4) is true
for any parameter which does not violate supersymmetry: this is one of the con-
sequences of the so-called ‘non renormalization theorems’. It is evident that we
are on a good path toward the solution of the hierarchy problem.
Three observations are in order:
1. A priori it is not obvious that, in a theory without quadratically divergent
contributions to mh, the result (1.3.4) holds. However only a symmetry can
guarantee it, and this symmetry whenever present will also imply at least
the cancellation of quadratic divergences. Thus the cancellation of these
divergences, even if not sufficient, is certainly a necessary condition.
2. Since we do not see multiplets of particles with different spin and same
mass in the experiments, supersymmetry must be broken. One can then
ask himself how ‘natural’ is to introduce a lot of particles and then to make
them heavy in order to explain why we do not see them. The answer is that
for this fact there is a good reason, namely that all the particles that we
do not see are precisely those which admit gauge invariant (although susy
breaking) mass terms.
3. The estimates (1.2.8) and (1.2.9) hold now with:
ΛNP ∼ SUSY breaking masses at the energy scale M . (1.3.5)
where the choice of the letter ‘M ’ comes from the idea that supersymmetry
breaking is communicated to the SM sector through some ‘Messengers’ at
this scale. It is the running of the relevant parameters from M down to
low energy that may need some amount of cancellation in order to correctly
reproduce the SM. This means that there is a residual finetuning in super-
symmetric models: the point is that we now have the chance to reduce ∆, as
defined in (1.2.7), from 1034 down to 101 [or 102], which can be considered
an acceptable [better than 1034 but uncomfortable] amount.
14Throughout all this section we will just refer to the introductory reviews [66–68].
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1.3.1 The Minimal Supersymetric Standard Model
For brevity we will not prove anything about the construction of a general super-
symmetric model, limiting ourselves to writing down the ‘practical’ recipe. We
will also consider only ‘N = 1 SUSY’ which means that there is only one operator
that transforms fermions into bosons and vice-versa15.
• The relevant supersymmetric representations, also called ‘superfields’, are
chiral superfields (composed by one two component fermion ψ, one complex
scalar field φ or ψ˜, and one complex auxiliary scalar field F ) and vector
superfields (composed by one vector Aaµ, one two component fermion λ
a
or A˜a and one real bosonic auxiliary field D). The auxiliary fields do not
propagate, they are just a useful trick for writing down a supersymmetric
Lagrangian16 and they are later eliminated through their equation of motion
(EOM).
• The Lagrangian is constructed as follows. All the kinetik terms are the
usual ones, including covariant derivatives, while the interaction terms (after
eliminating F and D via their EOM) are just:
Lint = −WiW ∗i +
∑
a
g2
(φ∗T aφ)2
2
−(Wijψiψj + h.c.)
2
−
√
2g
(
λ†aψ†T aφ+ h.c.
)
(1.3.6)
where g and T a are the gauge coupling and group generators, while Wi
(Wij) are the first (second) derivatives with respect to φi (φi and φj) of
the superpotential W . This object is in principle the most general analytic
function of the scalar fields φi, however for renormalizable theories without
gauge singlets it has the form:
W =
1
2
Mijφiφj +
1
3!
yijkφiφjφk . (1.3.7)
We wrote W in terms of the scalars, however we can think of it as expressed
in terms of the superfields. It is easy to see that M∗ikMkj is the squared
mass matrix for both the bosons and the fermions, while the yijk generalize
the Yukawa couplings. The first and second terms in (1.3.6), which give the
SUSY-respecting scalar potential, are respectively called the F−term and
D−term.
15The reason is that if N > 1 the fermion fields are always ‘vector like’, which means that
they always allow gauge invariant mass terms. This is not very useful, since the SM fermions
are well known to be ‘chiral’ (i.e. they do not allow such mass terms).
16The usefulness comes from the fact that without them one obtains a Lagrangian which
respects SUSY only when the particles are on shell, for a reason of degrees of freedom.
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• The breaking of SUSY is theoretically expected to be spontaneous, and
there are many ways in which this could happen. From a practical point
of view we can parametrize our ignorance about this issue by introducing
soft17 SUSY breaking terms of the form18:
Lsoft = −
(
1
2
maλ
aλa − 1
3!
aijkφiφjφk +
1
2
bijφiφj + h.c.
)
−m2ijφ∗iφj (1.3.8)
We now have all the ingredients we need for constructing a supersymmetric exten-
sion of the SM. The first step is to promote all the SM fields to superfields, adding
the corresponding ‘superpartners’, denoted with a tilde: squarks and sleptons for
quarks and leptons, gauginos for gauge bosons, higgsinos for the Higgs scalars. We
then notice that in the SM we have some Yukawa couplings involving two quark
fields and the conjugate of the Higgs doublet (1.1.3), while it is not possible to
generate these terms from the Superpotential W due to its analiticity properties.
We are thus forced to introduce two Higgs doublets with opposite hypercharge
Y = ±1
2
, named Hu and Hd depending on the quark species they couple to. The
superpotential of the Minimal Supersymmetric Standard Model (MSSM) is then
given by the extremely simple expression:
WMSSM = uYuQHu − dYdQHd − eYeLHd + µHuHd , (1.3.9)
while the soft breaking terms are:
LMSSMsoft = −
1
2
(
M3g˜g˜ +M2W˜W˜ +M1B˜B˜ + h.c.
)
(1.3.10)
−Q˜†m2QQ˜− L˜†m2LL˜− u˜†m2uu˜− d˜†m2dd˜− e˜†m2ee˜
−
(
u˜AuQ˜Hu − d˜AdQ˜Hd − e˜AeL˜Hd + h.c.
)
−m2HuH†uHu −m2HdH†dHd − (bHuHd + h.c.)
where Af and m
2
f are matrices in flavour space.
Let us briefly sketch some of the main phenomenological implications of the
MSSM, before discussing in the next section why some additional ingredient might
be useful.
1. Actually (1.3.9) is not the most general superpotential compatible with the
gauge symmetry: more B− and L−violating interactions are in principle
17I.e., in this context, with positive mass dimension and moreover such that the UV structure
of the theory remains unchanged, in particular quadratic divergences must not be reintroduced.
18Terms of the form cijkφ
∗
iφjφk can lead to quadratic divergences if there are gauge singlets.
Also other terms are in principle allowed, but they are not relevant for the MSSM.
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allowed (notice that the L and Hd superfields have the same gauge quantum
numbers), but they pose serious phenomenological problems like a too rapid
proton decay. To forbid these terms, one can impose the conservation of
the quantum number (−1)3(B−L), called ‘matter parity’: it commutes with
supersymmetry since within each supermultiplet the quantum numbers are
fixed, and moreover it is theoretically better than imposing separate conser-
vation of B and L.19
2. Since also the spin s is conserved in the vertices, we can recast matter parity
in the form:
(−1)3(B−L)+2s. (1.3.11)
called ‘R parity’. It is easy to see that all the SM particles have R-parity +1,
while all the superpartners have R-parity −1. This has a very important
phenomenological consequence, namely that the SM particles can only cou-
ple to two superpartners. This means that superpartners will be produced
in pairs at colliders, and moreover that the Lightest Supersymmetric Par-
ticle (LSP) must be absolutely stable. This feature makes the LSP a very
good Weakly Interacting Massive Particle (WIMP)-Dark Matter candidate.
3. It can be seen that the mass of the lightest Higgs scalar is controlled by the
quartic coupling of the Higgs sector. As a consequence, there must be a light
CP-even Higgs scalar h, with the tree level relation:
m2h ≤ m2Z cos2(2β) (1.3.12)
where tan β is the ratio of the two vevs, vu/vd. This feature is in principle
more than welcome, since the precision data indeed suggest a light Higgs
boson. The only problem is that h is now so light that it should have been
seen already at LEP! We will come back to this issue in the next section.
4. EWSB can be ‘dynamically realized’, with the squared Higgs mass that is
positive at high energies and then it is driven negative by the running due
to the large top Yukawa coupling.
5. With the ‘SUSY scale’ (i.e. the typical scale of the sparticle masses) around
the TeV and then nothing else, gauge coupling unification happens with
good precision at energies of order 1016 GeV.
19In fact it is known that they are individually violated at very high energy by nonperturbative
effects (sphalerons), while B − L can be exactly conserved.
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1.3.2 Why to go beyond the MSSM
After this very brief and incomplete introduction to the MSSM, which is however
sufficient for our purposes, let us list the reasons why it can be motivated to
consider additional ingredients.
1. The finetuning problem in the MSSM. As already said, the origin of
the problem is basically (1.2.8) and (1.2.9) after substituting (1.3.5). More
precisely, minimizing the scalar potential which leads to EWSB one finds:
sin(2β) =
2b
m2Hu +m
2
Hd
+ 2|µ|2 (1.3.13)
m2Z =
|m2Hd −m2Hu|√
1− sin2(2β) −m
2
Hu −m2Hd − 2|µ|2 (1.3.14)
⇒ m
2
Z
2
≈ −m2Hu − |µ|2 (if tan β  1). (1.3.15)
Let us look for simplicity at the case (1.3.15). The value of −m2Hu at low
energy is determined by its value at the Messenger scale M and by its
running. For example the top system gives the one loop running:
dm2Hu
d log µ
=
1
16pi2
· 6|yt|2(m2Q3 +m2u3) . (1.3.16)
Thus in general large stop masses introduce a large radiative correction on
m2Hu(100 GeV) with respect to its original valuem
2
Hu
(M) = m2Hu(100 GeV)−
δm2Hu|rad. Using the definition of finetuning (1.2.7) and fixing the amount
∆ that we tolerate, we get from (1.3.15):
d logm2Z
d logm2Hu(M)
≤ ∆ ⇒ ∣∣δm2Hu|rad∣∣ ≤ ∆ · m2Z2 (1.3.17)
from which we have an upper limit on the stop masses.
What is then the problem with light stops? The point is that at tree level
(1.3.12) holds, and we know it to be in conflict with data (1.1.8). The only
possibility within the MSSM is to raise mh through radiative corrections;
the dominant contribution comes from the stop sector, and using the one
loop effective potential one finds:20
m2h|1 loop ≤ m2Z cos2(2β) +
3m2t
4pi2v2
log
m2
t˜
m2t
(1.3.18)
20Neglecting the at term.
19
Supersymmetry Introduction
where mt˜ it the average stop mass squared. If we want to make mh larger
than 114 GeV in this way, we need stop masses of the order of the TeV,
which means ∆ & 100. This starts being quite unconfortable: at least we
can say that one would have expected SUSY to do better. For a very clear
and detailed discussion of this point see [69].
2. The µ problem. Looking at (1.3.15) we also recognize a very odd feature:
the value of mZ is determined by the difference between −m2Hu and |µ|2.
Since m2Hu tends to receive radiative contributions much larger than m
2
Z ,
either they are both large and there is a mysterious cancellation or they are
both of order of the Electroweak scale. But these parameters are totally
unrelated from a conceptual point of view (µ respects SUSY, while m2Hu is
a soft breaking term), thus there is no clear reason why they should be of
the same order, and this is the so-called ‘µ-problem’.
3. The SUSY Flavour problem. As already said the CKM picture of
Flavour in the SM, originating from (1.1.3), works extremely well. Also
the supersymmetric part of the MSSM (1.3.9) would reflect this picture, if
it were alone, with almost the same number of free parameters as the SM.
But once we introduce the soft breaking terms (1.3.10) we end up with a
model with more than 100 new free parameters, and the CKM structure is
completely destroyed. Possible ways to try to solve the problem are:
• Degeneracy: if the squark squared mass matrices in (1.3.10) are propor-
tional to the identity matrix and the a−terms are proportional to the
Yukawa couplings, then no additional flavour structure is introduced
and we are back to the CKM picture.
• Alignment: the same is true if these matrices, although not proportional
to the unit matrix, are diagonal in the ‘CKM basis’ for the matter
fermions.
• Hierarchy: all the new effects can be suppressed by letting the sfermions
to be very heavy, especially the squarks of the first two generations.
Of course it is not so easy to realize these conditions in the MSSM: the
first two assumptions require a good explanation, while the third one poses
naturalness problems, as we will see in the next Chapters.
4. The SUSY CP Problem. Besides the Flavour changing contributions,
there are new effects with respect to the SM that do not go to zero even in
the limit in which the full Flavour Symmetry U(3)5 is exact. These effects
are related to the CP violation stemming from the new phases which are not
related to Flavour, the so-called Flavour Blind (FB) phases, which typically
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give large effect in the Electric Dipole Moments, in potential conflict with
the strong experimental bounds.
Let us see exactly how many such phases are there in the MSSM. In 1.3.9
and 1.3.10 there are 8 complex parameters µ, b, af ,Mi with
21 Af = afYf
and f = u, d, e , i = 1, 2, 3. Two phases can however be removed through
suitable rotations:
• A ‘Peccei Quinn’-like rotation which acts on the superfields as Hu,d →
eiθ1Hu,d and u, d, e→ e−iθ1(u, d, e). This is equivalent to saying that we
are redefining µ, b→ e2iθ1(µ, b), since all the other terms are invariant.
• If we promote the R-parity 1.3.11 to a U(1) symmetry acting as ϕ →
ei(−1)
2s 1−Rϕ
2
θ2ϕ where s is the spin, remembering 1.3.6 we see that ev-
erything is invariant but the a-terms, the gaugino masses, the Higgsino
mass term (given by µ) and some other term involving µ in the scalar
potential. Doing such a rotation is equivalent to the following rephasing
in the Lagrangian:
af , Mi → e2iθ2(af , Mi) µ→ e−2iθ2µ .
In conclusion, since the physical phases must be invariant under both rota-
tions, we end up with only 6 FB phases which we can choose to be:
Arg(a∗dMi) and Arg(b
∗µaf ) . (1.3.19)
In case of universal a-terms they become 4, and if we further assume that
the gaugino masses have the same phase they become 2.
In the following we will not try to address the issue of point 2, focussing instead
on points 1, 3 and 4 which are the basic motivations of this research project, as
discussed in detail in the next section.
1.4 Detailed outline of the project
In this section we give a detailed summary the content of the subsequent Chapters,
so that the guiding ideas are clear from the beginning22.
21As usual, we assume that the Af -terms are proportional to the corresponding Yukawa Yf .
22NOTE ADDED: During the time between the approval and the defense of this Thesis, a
SM-like Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l.
by the LHC collaborations [1]. The considerations of Chapters 2 and 3 are thus now excluded
unless the couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with
respect to the SM ones.
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Supersymmetric Standard Model without a light Higgs Bo-
son
In Chapter 2, mainly based on [2], we give attention to supersymmetric models
with extra tree level contributions to the Higgs quartic coupling, and thus to
the masses of the Higgs sector. Instead of adopting the more ‘traditional’ point
of view of requiring that the new couplings must not run to large values before
the Grand Unification (GUT) scale, we stick to a bottom-up approach and just
require that they do not become strong before a scale Λ which can be as low as
102 ÷ 103 TeV. This means that we insist on naturalness and compatibility with
the EWPT, giving up manifest perturbative unification. Notice however that
this does not necessarily imply that unification cannot occur, in fact there are
explicit examples in which the theory undergoes such a change of regime at an
intermediate scale without disturbing the gauge coupling unification.
In a minimalistic approach, we focus on the simplest possible extensions of the
MSSM which can meet the goal: adding a new U(1) or SU(2) gauge interaction,
or adding a gauge singlet with large coupling to the Higgses (λSUSY), and we
study the constraints coming from naturalness and EWPT. We will see that it is
indeed possible to have mh = 200÷300 GeV at tree level; the price to pay is a low
scale Λ of semiperturbativity (where some expansion parameter becomes equal to
1), and sometimes a low scale M at which the soft breaking terms are generated.
A Non Standard Supersymmetric Spectrum
In Chapter 3, mainly based on [3], we present a unified viewpoint on the Higgs
mass problem and the Flavour/CP problems in Phenomenological Supersymme-
try. We do not make precise assumptions about the symmetry structure of the
Flavour sector (this will be done in Chapter 4), but we argue that if one makes rel-
atively reasonable assumptions about the size of the relevant mixings and phases
then the SUSY Flavour and CP problems are definitely relaxed if the sfermions
of the first two generations are as heavy as 20 TeV, while the ones of the third
generation can be at about 500 GeV. This ‘hierarchical’ picture, which has often
been considered in the literature as a way to alleviate the SUSY Flavour problem,
tends however to be disfavoured by naturalness arguments. In fact the soft masses
of the first two generations m1,2 produce radiative corrections to mh that are usu-
ally subdominant with respect to the ones coming from the third generation, but
that can become relevant in case of large hierarchy. More specifically, to have
no more then 10% finetuning one needs in the strongest case m1,2 < 2 TeV for
M = MGUT , or m1,2 < 7÷ 9 TeV for M = 103 ÷ 102 TeV.
It is then clear that lowering M may not be enough to solve the SUSY Flavour
problem, unless one makes stronger assumptions about the symmetry structure of
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the Flavour sector. Instead of doing so, we notice that the naturaleness bounds on
the various masses scale rougly as mtreeh /mZ , and thus in a context in which the
Higgs boson mass is increased at tree level it is naturally possible to have a larger
m1,2. To see this, we go back to the three models studied in Chapter 2 and compute
this naturalness bound. The result is that m1,2 ∼ 20 TeV is possible only in the
case of λSUSY, while in the case of gauge extensions the naturalness bounds turn
out to be even stronger because the new large coupling is shared also by the first
two generations. We also show that the requirement that electromagnetism and
colour are unbroken is not of concern in our case. Finally we discuss some peculiar
phenomenological features of this ‘Non Standard Supersymmetric Spectrum’ in
connection with collider signatures and Dark Matter.
Effective MFV with Hierarchical sfermions
In Chapter 4, mainly based on [4] and [6], we study the consequences of making
some more precise assumptions about the flavour symmetry and its breaking pat-
tern. As discussed in the previous Chapter, a hierarchical spectrum goes in the
right direction in order to solve the SUSY Flavour and CP problems, provided
that one is able to defend some amount of degeneracy and alignment at least of
order of the Cabibbo angle. On the other hand in a model with Minimal Flavour
Violation (MFV) the suppression of the new sources of flavour violation is very
efficient, but the usual pattern (1.1.5) in a supersymmetric context implies that
the squarks are almost degenerate and thus relatively light. This in turn means
that the Flavour Blind (FB) phases typically give rise to large contributions to the
EDMs, and the need of small phases without any explanation means that there
is a (SUSY) CP problem.
Motivated by these considerations and by the special role of the top Yukawa
coupling, we analyze a pattern of flavour breaking in which only the squarks that
share the top Yukawa coupling with the Higgs boson are light. Moreover in the
limit Yd → 0 we assume that the individual flavour numbers are conserved in the
quark sector, which means that Yu is diagonal in the same basis that diagonalizes
the squark mass matrices. Focussing on the quark sector, we show that the flavour
breaking pattern:
GF = U(1)
3
Q+u × U(3)d Yd→ U(1)B (1.4.1)
is as efficient as the usual MFV in protecting from large FCNC, and we determine
the precise bounds on the heavy masses which turn out to be typically around
5÷10 TeV. To do so we properly compute the QCD corrections to the Wilson
coefficients, including an effect which has been so far neglected.
Finally we study CP violation in this framework of ‘Effective MFV’ with hi-
erarchical squark masses. The new feature with respect to the usual MFV case
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(1.1.5) is that, thanks to the hierarchical spectrum, the FB phases can now be siz-
able without being in conflict with the EDM constraints, thus solving the SUSY
CP problem. We will see that, to suppress the effect of O(1) FB phases, the
necessary hierarchy is actually relatively mild, and thus compatible with ∼ 10%
finetuning even in absence of extra contributions to the lightest Higgs boson mass
at tree level. Interestingly, due to the lightness of the left-handed sbottom, these
phases can produce CP violating effects in B physics which are within the reach
of future experiments. This is at contrast with the usual MFV case in which, after
satisfying the EDM bounds, there is no room for any new effect. Our analysis
thus reinforces the importance of experiments looking for EDMs and CP violation
in B physics as complementary with respect to the LHC search.
U(2) and MFV in Supersymmetry
In Chapter 5, mainly based on [7] we take a more ambitious point of view and we
analyze the consequences on the current flavour data of a suitably broken U(2)3
symmetry acting on the first two generations of quarks and squarks.
In fact in the previous Chapters we keep the first two generations sufficiently
heavy to suppress the corresponding new contributions to the ∆F = 2 amplitudes,
and we call this ‘Effective MFV’. On the other hand, new relevant effects are
around the corner in the ∆B = 1 amplitudes and in the EDMs, which can be tested
by future experiments. In this Chapter, instead, we look for sizable corrections
also in the ∆F = 2 amplitudes, that can relax the amount of ‘tension’ which is
present in the CKM fit, especially between SψKS and K . In fact if one removes
one of the two from the fit, then the prediction for it, based on all the other
observables, is 4 ÷ 5σ away from the experimental value. Moreover we try to
go in the direction of explaining, at least in part, the pattern of fermion masses
and mixings. We thus modify an earlier proposal of U(2) flavour symmetry by
extending it to U(2)3 = U(2)Q × U(2)u × U(2)d, broken in a suitable way. This
pattern is again as efficient as MFV in suppressing the various FCNC, and there
are only two new parameters with respect to the usual CKM picture: one angle
and one phase. Interestingly, by means of these two new parameters it is possible
to eliminate the tension in the CKM fit: notice that not every model is capable to
do so with a reasonable number of extra free parameters!23 Moreover, the region
of parameter space that is prefered by the fit gives the well defined prediction:
0.05 . Sψφ . 0.2 -to be tested soon at LHCb- together with gluino and left
handed sbotton masses below about 1÷ 1.5 TeV -to be tested at the LHC.
23See e.g. [70] in which it is shown that it is not easy in the context of Left-Right symmetric
models.
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SSM without a light Higgs boson
2.1 Motivations
As discussed in the Introduction, the unexplained large difference between the
Fermi scale and the Planck scale is the main reason why the Standard Model Higgs
sector is widely held to be incomplete. Low energy Supersymmetry provides one of
the most attractive solutions to this hierarchy. Its main virtues of are, virtually:
i) naturalness, ii) compatibility with Electroweak Precision Tests (EWPT), iii)
perturbativity, and iv) manifest unification. However, after the LEP2 bound
mh > 114.4 GeV [30] on the lightest Higgs boson mass, the MSSM has a serious
problem in dealing with (i). The reason is that mh cannot exceed mZ at tree level,
and increasing it through large radiative corrections goes precisely in the direction
of unnaturalness. Even with the addition of extra matter in the loops [72] it is
difficult to go much beyond 115 GeV without a large amount of finetuning. This
motivates the study of models with extra tree level contributions to the Higgs
quartic coupling, and thus to the masses of the Higgs sector1.
There can be extra F terms, like in the Next to Minimal Supersymmetric
Standard Model (NMSSM) [73]- [75], or extra D terms if the Higgs shares new
gauge interactions [76]- [81], or both ingredients [82, 83]. The usual/earlier ap-
proach is focussing on unification and requiring that it be not disturbed by the
extra matter and interactions: at least the new couplings must not become strong
before MGUT . For this reason it is typically difficult to go beyond mh = 150 GeV.
The issue is particularly relevant in view of the LHC: should we throw away low
energy Supersymmetry if the lightest Higgs boson is not found below 150 GeV?
1NOTE ADDED: During the time between the approval and the defense of this Thesis, a
SM-like Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. by
the LHC collaborations [1]. The considerations of this Chapter are thus now excluded unless the
couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with respect
to the SM ones.
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As originally suggested by [84], the request of manifest unification could be highly
too restrictive. In fact there can be anything between the Fermi scale and the
unification scale, and we cannot conclude that unification is spoiled just because
some couplings become strong at an intermediate scale. Moreover there are ex-
plicit examples [84]- [87] in which such a change of regime indeed takes place and
is consistent with unification.
Given our ignorance of the high energy behaviour of the theory and the lack of
conclusive hints, we stick to a bottom-up point of view, as in [88]. In a minimalistic
approach, we focus on the simplest possible extensions of the MSSM which meet
the goal: adding a new U(1) or SU(2) gauge interaction [79], or adding a gauge
singlet with significant coupling to the Higgses [88]. The only constraints come
from naturalness and EWPT. In other words, we prefer to retain the virtues
(i), (ii), and (iii) at low energies at the price of (iv), instead of insisting on (iv)
paying the price of (i). An alternative approach could be to insist only on (i)
and (ii), giving up both (iii) and (iv), i.e. turning to the possibility of strongly
coupled theories. In this respect, one could say that the true virtue of low energy
Supersymmetry is to address (i) and (ii) while retaining (iii).
This Chapter is organized as follows: in Section 2.2 we consider adding a new
U(1) gauge group to the MSSM, in Section 2.3 a new SU(2), and in Section
2.4 a gauge singlet. We then conclude in Section 2.5. The main purpose is to
give a comparative study of the simplest extensions of the MSSM proposed in
the literature to accommodate for a lightest Higgs boson significantly heavier
than usual, in the 200 ÷ 300 GeV range of masses. We tolerate a finetuning of
10%, or ∆ = 10 according to the usual criterion [40]. We call Λ the scale of
semiperturbativity, at which some expansion parameter becomes equal to 1, and
M the scale at which the soft breaking terms are generated. We will see that they
are often required to be both relatively low. This Chapter is mainly based on [2].
2.2 Gauge extension U(1)
This model has been proposed in [79] just as a warm up for the nonabelian case,
and then quickly discarded. Adopting the point of view outlined in the Introduc-
tion, we take it seriously as a simple and effective possibility.
Starting from the MSSM with right handed neutrinos, the extra ingredients
are a new gauge group U(1)x associated with T
R
3 = Y +
L−B
2
, two scalars φ and φc
with opposite charges ±q, and a singlet s. The charged fields are shown in Table
2.1.
The new superpotential term:
W = λ s (φφc − w2)
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φ φc Hu Hd d u Q e n L
Y 0 0 1
2
−1
2
1
3
−2
3
1
6
1 0 −1
2
X = L−B
2
+Xφ q −q 0 0 16 16 −16 −12 −12 12
Y +X q −q 1
2
−1
2
1
2
−1
2
0 1
2
−1
2
0
Table 2.1: Charge of the various fields under U(1)x.
together with the soft breaking terms:
Lsoft = −M2s |s|2 −M2(φ)|φ|2 −M2(φc)|φc|2 −Mχχ˜χ˜+Bs(φφc + h.c.) , (2.2.1)
where χ˜ is the new gaugino, produce the scalar potential:
V = VMSSM + VHφ + Vφ
with:
VMSSM = µ
2
u|Hu|2 + µ2d|Hd|2 + µ23(HuHd + h.c.)
+
1
2
g2
∑
a
(∑
i
H∗i T
aHi + ..
)2
+
1
2
g′2
(
1
2
|Hu|2 − 1
2
|Hd|2 + ..
)2
VHφ =
1
2
g2x
(
1
2
|Hu|2 − 1
2
|Hd|2 + q|φ|2 − q|φc|2 + ..
)2
Vφ = λ
2|φ|2|φc|2 −B(φφc + h.c.) +M2(φ)|φ|2 +M2(φc)|φc|2 .
We wrote only the Higgs and φ fields in the D terms. The parameters µ23 and
B have been made real and positive through field phase redefinition. The full
interaction Lagrangian of the new sector, apart from the D terms, is:
Lint = −1
2
[
λs φ˜φ˜c + λφ s˜φ˜c + λφc s˜φ˜+ h.c.
]
− λ2|φφc|2 − λ2|s φ|2 (2.2.2)
−λ2|s φc|2 + λw2(φφc + h.c.)−
√
2gxq
[
φ∗ φ˜χ˜− φc∗ φ˜cχ˜+ h.c.
]
.
The B term in the potential Vφ has in general a soft component B = λw
2 + Bs.
The field s will be generically assumed to be heavy for our considerations.
It is easy to see that the conditions for stability and unbroken Electromag-
netism and CP at tree level in the Higgs sector are basically the same as in the
MSSM: 
2µ23 < µ
2
u + µ
2
d
µ43 > µ
2
uµ
2
d
λ2 > 0.
27
Gauge extension U(1) SSM without a light Higgs boson
We can then write the configuration of the fields at the minimum as:
Hu =
(
0
vu
)
, Hd =
(
vd
0
)
, φ = u1 , φ
c = u2
with vi, ui ≥ 0, and the scalar potential reduces to:
V = µ2uv
2
u + µ
2
dv
2
d − 2µ23vuvd +
1
8
(g2 + g′2)[v2u − v2d]2 (2.2.3)
+
1
8
g2x[v
2
u − v2d − 2qu22 + 2qu21]2
+λ2u21u
2
2 − 2Bu1u2 +M2(φ)u21 +M2(φc)u22 .
Notice that the mass of the new gauge boson Z ′ of U(1)x is:
M2Z′ = 2g
2
x
(
q2(u21 + u
2
2) +
v2u + v
2
d
4
)
which has to be significantly heavier than that of the weak gauge bosons. Thus
we assume:
u21, u
2
2  v2u, v2d .
Furthermore let us assume that the mass splitting of φ, φc is small:
M2(φ) = M
2
φ +
∆M2φ
2
, M2(φc) = M
2
φ −
∆M2φ
2
, ∆M2φ M2φ .
Then we can look for an approximate solution of the form:
< φ >= u1 = u+ α , < φ
c >= u2 = u− α , α u .
Solving perturbatively one obtains, at lowest order:
u2 =
B −M2φ
λ2
=
Bs + λw
2 −M2φ
λ2
(⇒ must be: B > M2φ) (2.2.4)
α =
1
u
−qg2x(v2u − v2d)− 2∆M2φ
8q2g2x +
4Mφ2
B−M2φ
λ2
.
Substituting in (2.2.3) and minimizing in vu and vd one finds exactly the same
equations as in the MSSM, but for the replacements:
m2z −→ m2z+
g2xv
2
2(1 +
M2
Z′
2M2φ
)
, µ2u −→ µ2u−
∆M2φ
2q
1 +
2M2φ
M2
Z′
, µ2d −→ µ2d+
∆M2φ
2q
1 +
2M2φ
M2
Z′
(2.2.5)
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with M2Z′ ≈ 4q2g2xu2. Notice that the first one coincides with equations (2.4) and
(2.5) of [79]. Making the substitutions (2.2.5) in the usual results we find the same
expression for tan β, while the equation relating mz to the vevs gets modified:
tan β =
1
2µ23
(
µ2u + µ
2
d −
√
(µ2u + µ
2
d)
2 − 4µ43
)
(2.2.6)
m2z +
g2xv
2
2(1 +
M2
Z′
2M2φ
)
=
∣∣∣µ2d − µ2u + ∆M2φ/q1+2M2φ/M2Z′ ∣∣∣√
1− sin2 2β
− µ2u − µ2d . (2.2.7)
In the limit of large tan β, assuming as usual µ2d > µ
2
u −
∆M2φ/q
1+2M2φ/M
2
Z′
, one finds:
− µ2u = −m2Hu − µ2 =
m2z
2
+
g2xv
2
4(1 +M2Z′/2M
2
φ)
− ∆M
2
φ/q
2(1 + 2M2φ/M
2
Z′)
. (2.2.8)
The usual bound on the Higgs boson mass at tree level becomes:
m2h ≤
m2z + g2xv2
2(1 +
M2
Z′
2M2φ
)
 cos2 2β . (2.2.9)
We will call mmaxh the expression in brackets, which corresponds to mh at tree
level for large tan β. Notice that the D term decouples for small λ, because this
means large MZ′ . From (2.2.9) we immediatly see why the D term may not
decouple. The extra contribution is small in the limit of large Z ′ mass, which is
what required by EWPT. Nevertheless it remains relevant if the soft mass Mφ is
large too. Thus a price to pay is that we need different soft mass scales in the
theory, since Mφ has to be around 10 TeV, as we shall see.
After the symmetry breaking, in the φ, φc sector we have the massless Gold-
stone boson plus three real scalars with masses:
√
2Mφ ,
√
2
√
B ,
√
2
√
B −M2φ
so that there is no problem of new light particles. The s scalar keeps its soft mass
Ms of (2.2.1). On the other hand from (2.2.1) and (2.2.2) we see that the fermion
mass matrix has eigenvalues:
± 1√
2
λw ,
1
2
(
Mχ ±
√
M2χ + 16g
2
xq
2w2
)
.
Thus λ cannot be too small otherwise there are light fermions in the spectrum.
The soft parameter Mχ instead can be small, since this will not correspond to
light particles.
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2.2.1 Naturalness bounds
Since the largest possible Higgs boson mass is realized for M2Z′ M2φ, we have to
worry about finetunig at tree level in the potential Vφ. Naturalness of the scale u
means that it must be:
∆u =
∣∣∣∣∣ ∂ log u2∂ logM2φ
∣∣∣∣∣ = M2φB −M2φ ≤ 10
so that:
M2Z′
2M2φ
=
2q2g2x
λ2
1
∆u
≥ 1
5λ2
q2g2x . (2.2.10)
On the other hand from (2.2.7) we obtain, in the limit of large tan β:
v2 = −
µ2u −
∆M2φ
2q(1+2M2φ/M
2
Z′ )
g2+g′2
4
+ g
2
x
4(1+M2
Z′/2M
2
φ)
. (2.2.11)
This means that ∆M2φ introduces a finetuning in v
2 at tree level:
∆v =
∣∣∣∣∣ ∂ log v2∂ log ∆M2φ
∣∣∣∣∣ =
∣∣∣∣∣∣∆M
2
φ
v2
1
g2+g′2
4
+ g
2
x
4(1+M2
Z′/2M
2
φ)
1
2q(1 + 2M2φ/M
2
Z′)
∣∣∣∣∣∣
which however is not a stringent bound. In fact if we tolerate ∆v = 10 then we
can have ∆M2φ up to about (1 TeV)
2 in the interesting region of the parameter
space, that is when mh is maximized. It is easy to see that, assuming ∆M
2
φ = 0
at the scale M , the running typically generates much smaller splittings. More
precisely one finds, up to two loops, neglecting the Yukawa couplings and gaugino
soft masses:
d∆M2φ
d log µ
=
4g2xq
16pi2
[
q∆M2φ +
∑
j∈MSSM
qjm
2
j
]
− 4g
2
xλ
2q2
(16pi2)2
∆M2φ (2.2.12)
+
16g4xq
(16pi2)2
[
q3∆M2φ +
∑
j∈MSSM
q3jm
2
j
]
.
Here and in the following we make use of the results of [89]. We immediatly see
that if there is complete degeneracy at the scale M , ie M(φ) = M(φc) and equal
soft masses for the 1st and 2nd generation sfermions (the only ones which can be
large enough to be relevant), then the running of ∆M2φ starts beyond the two loop
level. Thus, with this degeneracy assumption, we can safely neglect ∆M2φ in all
our considerations.
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Let us consider the implications on the maximum value for mh, equation
(2.2.9). The largest allowed Higgs boson mass is realized when we include (2.2.10)
in (2.2.9), so that we obtain:
m2h ≤
(
m2z +
g2xv
2
2(1 + 2q
2g2x
λ2∆u
)
)
. (2.2.13)
This means that, to increase mh as much as possible, we prefer a large λ. The
only problem is then the possibility of a Landau pole, however we see that this
can be avoided. The running of λ is given by:
βλ(µ) =
{
1
16pi2
[3λ2 − 4g2Xq2] if µ > 10 TeV
0 if µ < 10 TeV
where 10 TeV is an estimate of the scale of the soft masses Ms and Mφ. We write
gX instead of gx, with gX(200 GeV) = gx, anticipating the notation of Section
2.2.2. Thus a sufficient condition to avoid the Landau pole is:
λ2(200 GeV) = λ2(10 TeV) ≤ 4
3
q2g2X(10 TeV). (2.2.14)
Notice that at this level there is no substantial difference in mmaxh for different
values of q, the only change coming from the difference in the running of gX from
200 GeV to 10 TeV which is just a small correction. However in the following
we will see that the interplay between naturalness and EWPT constraints prefers
q = 1
2
.
We now turn to the finetuning at loop level from Mφ, again neglecting the
contributions from Yukawa couplings and gaugino soft masses. From (2.2.11) we
see that, if we allow an amount of finetuning ∆, then the radiative corrections to
m2Hu have to satisfy:
δm2Hu ≤
(
m2Z
2
+
g2x v
2
4(1 +M2Z′/2M
2
φ)
)
×∆ = (m
max
h )
2
2
×∆ (2.2.15)
instead of the usual ∆ × m2Z
2
, as can be seen from (2.2.8). Neglecting ∆M2φ one
finds:
dm2Hu
dt
=
4g4xq
2
(16pi2)2
M2φ .
Taking into account the running of gx only, the result is shown in Figure 2.1 (left),
for q = 1
2
and gx(200 GeV) = 1.3, which corresponds to mh = 2mZ for large tan β
after saturating (2.2.10) and (2.2.14). The lines represent the correction δm2Hu due
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Figure 2.1: Finetuning ∆ (2.2.15), as a function of the scale M and the soft mass
parameter (Mφ on the left for q =
1
2 , Mχ on the right), for gx(200 GeV) = 1.3 ie
mmaxh = 2mZ , saturating (2.2.10). The thick line stands for ∆ = 10.
to M2φ in terms of ∆, as defined in (2.2.15). The kinetic mixing effects discussed
in Section 2.2.2 are neglected at this stage, since they are just a small correction.
On the other hand from the loop involving the gaugino χ˜ we have:
dm2Hu
d log µ
= − 2g
2
x
16pi2
M2χ . (2.2.16)
where Mχ is the soft mass term in (2.2.1). In Figure 2.1 (right) we report the
analogous bound on Mχ. As already said, however, a small Mχ does not mean
that there is a light particle.
2.2.2 Running of gauge couplings and kinetic mixing
In general in the presence of two U(1) gauge groups, the Lagrangian contains a
mixing:
Lgauge = −1
4
F (b)µνF
(b)µν − 1
4
F (a)µνF
(a)µν +
α
2
F (a)µνF
(b)µν
whose Feynman rule is (with momenta kµ and kν in the external legs):
−iM = iα(kµkν − k2gµν) .
On the other hand, if not already present, this term will be generated by radiative
corrections. In fact the one loop polarization amplitude connecting the two gauge
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bosons involving a chiral superfield with charges qa and qb is given by:
−iΠµν(k) = i(kµkν − k2gµν) gagb
16pi2
qaqb log
µ
mass
which means (for small α):
dα
dt
=
2gagb
16pi2
Tr[QaQb] + o(α) . (2.2.17)
Let us see which are the phenomenological consequences. The kinetic term can
be diagonalized with the redefinition:{
V
(a)
µ → V (a)′µ + αV (b)′µ
V
(b)
µ → V (b)′µ
so that the new charges are, respectively:
gaQa → gaQa
gbQb → gbQb + αgaQa .
This means that, instead of speaking about kinetic mixing, we can just use three
gauge couplings and automatically diagonal kinetic terms. In our case we have
Qa = Y and Qb = Y + X (see Table 2.1), so that diagonalizing away the kinetic
mixing amounts to transform:
g′Y → g′Y
gx(Y +X) → (gx + αg′)Y + gxX .
Thus in general we can redefine the model by saying that the coupling of the new
vector, in the basis with diagonal kinetic terms, is gY Y + gXX. Then we can
impose gX = gY = gx at low energies, and everything is fixed. This is enough for
our purposes. The RGE can be taken from [90], and are:
dg′
dt
=
1
16pi2
bY Y g
′3
dgX
dt
=
1
16pi2
(
bXXg
3
X + 2bY Xg
2
XgY + bY Y gXg
2
Y
)
dgY
dt
=
1
16pi2
(
bY Y gY (g
2
Y + 2g
′2) + 2bY XgX(g2Y + g
′2) + bXXg2XgY
)
where bQaQb = Tr[QaQb]. Notice that these equations are consistent with (2.2.17),
since for small α:
d(gY − gX)
dt
∣∣∣∣
gX=gY
= g′
dα
dt
∣∣∣∣
α=0
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as it should be (since bY X+Y = bY Y + bY X).
In general, for our purposes, the charge of the new vector can be:
Q = Y + γ
L−B
2
+Xφ
with arbitrary γ. Since we want the new gauge coupling to grow with energy as
less as possible, we should choose the value of γ which minimizes:
bQQ = 2q
2 + 7 + 4(γ − 1)2
and we see that our choice γ = 1 (or equivalently Q = TR3 +Xφ) was the optimal
one.
The values of the coefficients for our model are:
bXX =
{
2q2 + 4 if µ > 10 TeV
4 µ < 10 TeV
, bY Y = 11 , bY X = −4 ,
while the MSSM particles can be effectively decoupled below 200 GeV. An example
of the running is shown in Figure 2.2 (left) if the scale Λ at which the model
becomes semiperturbative (gY (Λ) =
√
4pi) is taken to be 100 TeV. Notice that
gY increases faster than gX because of the kinetic mixing. In Figure 2.2 (right)
the value of gY (200 GeV) = gX(200 GeV) = gx is reported versus the scale Λ of
semiperturbativity.
Notice finally that the kinetic mixing is not a source of any particular problem
or complication, as feared in previous analyses.
2.2.3 Experimental bounds
Let us see which are the experimental constraints on this model. The main sig-
nature would be that of a Z ′ boson, which can be extracted from [91]- [95]. In
the more recent [95] an updated analysis is performed of the present indirect
bounds coming from EWPT including LEP2, Tevatron direct searches, and other
experiments. Our case corresponds to their Figure 2 with:
g˜Y =
gx√
g2 + g′2
, g˜X = − gx
2
√
g2 + g′2
.
For example to get mmaxh ≈ 2mZ we need gx = 1.27, which implies Λ ≤ 100 TeV
as can be seen from Figure 2.2 (right). This means:
g˜Y = 1.72 , g˜X = −0.86 .
34
Gauge extension U(1) SSM without a light Higgs boson
0.0 0.5 1.0 1.5 2.0
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
log10Μ HTeVL
2 4 6 8 10 12
0.0
0.5
1.0
1.5
log10L HTeVL
Figure 2.2: Left: Running of g′ (solid), gX (dotdashed) and gY (dashed) for q = 12
with gY (100 TeV) =
√
4pi and gY (200 GeV) = gX(200 GeV). Right: value of gX = gY
at 200 GeV versus the scale Λ of semiperturbativity (αY (Λ) = 1), for q =
1
2 .
which corresponds to MZ′ > 4÷5 TeV at 95 % cl. This general analysis is actually
performed with mh = 120 GeV, however this does not significantly change the final
result. In conclusion the model is defendable provided that MZ′ & 5 TeV2.
Consider now the ratio between Mφ and MZ′ . Using (2.2.14) in (2.2.10), we
find:
MZ′ ≥
√
3
10
gX(200 GeV)
gX(10 TeV)
Mφ .
With mh = 2mZ we can tolerate MZ′ = 0.40Mφ. Thus we need at least Mφ &
10 ÷ 12 TeV in order to be in agreement with data. This is not in contrast
with naturalness only if M . 30 ÷ 35 TeV, as we see from Figure 2.1 (left). An
important comment is in order: this is the only point which strongly requires
q = 1
2
instead of q = 1. The reason is that with q = 1 the mentioned naturalness
bound on Mφ becomes much more stringent, so that it is difficult to satisfy it
while allowing a sufficiently heavy Z ′ boson. In fact to allow Mφ & 10 TeV we
would need M . 15 TeV, which starts being uncomfortably small. For this reason
we stick to q = 1
2
.
2We thank A. Strumia for help on checking this point.
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Conclusions - U(1)
With a scale of semiperturbativity Λ . 100 TeV and an input scale M . 35
TeV we can have a supersymmetric extension of the Standard Model in which mh
can be as large as 2mZ at tree level with no more than 10 % finetuning. This is
possible if we allow a large U(1)x gauge coupling. The constraints come from: i)
naturalness, i.e. Figure 2.1; ii) EWPT, which require MZ′ & 5 TeV. Limitations
do not come from ∆M2φ M2φ or from the kinetic mixing of Y and X, as argued
in previous analyses.
2.3 Gauge extension SU(2)
The next-to-minimal version of the model outlined in Section 2.2 consists in the
addition of a new SU(2) gauge group. This model is studied in [79] in a non-
universal version in which the gauge interactions of the third generation are dif-
ferent from those of the first and the second ones. The reason is that in that case
the new gauge sector is asymptotically free. However in our bottom-up approach
this is just an unnecessary complication, since we are open to changes of regime
at intermediate scales. In other words, the point of view we are adopting is to
constrain these models through the interplay between naturalness and EWPT,
and not by the reqirement of unification or perturbativity up to MGUT . In any
case, we will see that the former constraints are stronger: M is typically required
to be much smaller than Λ because the running is not so violent, so that our
conclusions would basically not change in a non-universal model.
We follow the same line of reasoning of Section 2.2. To the MSSM we add an
extra SU(2)II gauge group in addition to the SU(2)I × U(1)Y . All the SM fields
are charged only under SU(2)I . We also add a (2, 2) called Σ and a singlet s. The
transformation law is:
Σ→ U1ΣU+2 , Σ =
(
a b
c d
)
.
The superpotential is:
W = λ s (ad− bc− w2) .
with soft terms:
Lsoft = −M2s |s|2 −M2Σ(|a|2 + |b|2 + |c|2 + |d|2) (2.3.1)
−MI χ˜iχ˜i −MII η˜j η˜j +Bs(ad− bc+ h.c.) .
It can be seen that all the new fermions take a mass which is controlled by the
new breaking scale u. The scalar potential that we have to study is V = VHΣ +VΣ
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with:
VHΣ = µ
2
u|Hu|2 + µ2d|Hd|2 + µ23(HuHd + h.c.)
+
1
2
g′2
(
1
2
|Hu|2 − 1
2
|Hd|2 + ..
)2
+
1
2
g2II
∑
a
(
Tr
[
ΣT aΣ+
])2
,
+
1
2
g2I
∑
a
(
Tr
[
Σ+T aΣ
]
+H+u T
aHu +H
+
d T
aHd + ..
)2
VΣ = λ
2|ad− bc|2 −B(ad− bc+ h.c.) +M2Σ(|a|2 + |b|2 + |c|2 + |d|2)
where we wrote only the Higgs and Σ fields in the D terms. Again, the parameters
µ23 and B have been made real and positive through field phase redefinition, and
B = λw2 +Bs . The conditions for stability, CP unbreaking and EM unbreaking
are the same as before. We write the configuration of the fields at the minimum
as in the U(1) case, with 〈Σ〉 = diag(ua, ud). The potential reduces to:
V = µ2uv
2
u + µ
2
dv
2
d − 2µ23vuvd +
1
8
g′2[v2u − v2d]2 +
1
8
g2I [v
2
u − v2d − u2a + u2d]2
+
1
8
g2II [−u2a + u2d]2 + λ2u2au2d − 2Buaud +M2Σ(u2a + u2d) . (2.3.2)
We are interested in the case:
u2a, u
2
d  v2u, v2d .
so we look for an approximate solution of the form:
< a >= ua = u+ α , < d >= ud = u− α , α u .
Solving perturbatively one obtains, at lowest order:
u2 =
B −M2Σ
λ2
=
Bs + λw
2 −M2Σ
λ2
(⇒ must be: B > M2Σ)
α =
1
u
1
2
g2I (v
2
u − v2d)
2(g2I + g
2
II) +
4M2Σ
B−M2Σ
λ2
. (2.3.3)
Substituting in (2.3.2) we see that the change with respect to the MSSM equations
is:
g′2 + g2 −→ g′2 + g2I
g2II +
2M2Σ
u2
g2I + g
2
II +
2M2Σ
u2
. (2.3.4)
Putting (2.3.4) in the usual results we find that tan β remains the same, ie (2.2.6)
holds, while the equation relating mz to the vevs gets modified, in full analogy
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with (2.2.7):
v2
2
(
g′2 + g2I
g2II +
2M2Σ
u2
g2I + g
2
II +
2M2Σ
u2
)
=
|µ2d − µ2u|√
1− sin2 2β
− µ2u − µ2d . (2.3.5)
In order to use this result we have to connect the gauge couplings with the Z
mass, ie to see what corresponds to g. For the moment we work at zeroth order
in α/u, ie at zeroth order in v2/u2. The covariant derivative of Σ is:
DµΣ = ∂µΣ− igIV1aµT a1 Σ + igIIV2bµΣT b2 .
At lowest order 〈Σ〉 = diag(u, u), so that we have a mass term:
L(0)mass =
1
2
Tr
[(
−iu
2
σa(gIV
a
1 − gIIV a2 )µ
)
× h.c.
]
.
This means that the heavy vectors Xaµ and light vectors W
a
µ are, at lowest order
in v2/u2:  X
µ =
gIV
µ
1 −gIIV µ2√
g2I+g
2
II
W µ =
gIIV
µ
1 +gIV
µ
2√
g2I+g
2
II
and the mass of the heavy vectors is:
m2X =
g2I + g
2
II
2
u2 + o(
v2
u2
) . (2.3.6)
On the other hand from the Higgs vevs we have, without the hypercharge:
L(1)mass =
1
2
Tr
[(
−iv
2
gIσ
aV a1 µ
)
× h.c.
]
=
1
2
Tr
[(
−iv
2
gIgII√
g2I + g
2
II
σa
(
W a +
gI
gII
Xa
)
µ
)
× h.c.
]
.
This is equivalent to saying that the g gauge coupling of the MSSM is:
g =
gIgII√
g2I + g
2
II
. (2.3.7)
An important point is that all the MSSM fields have an additional coupling
to three nearly degenerate heavy vectors Xaµ, with SU(2)L-like coupling with
strength:
gX = g
gI
gII
. (2.3.8)
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The usual bound on the Higgs boson mass at tree level can be read from (2.3.5)
and (2.3.7):
m2h ≤
v2
2
(
g′2 + ηg2
)
cos2 2β , η =
1 +
2M2Σ
u2
1
g2II
1 +
2M2Σ
u2
1
g2I+g
2
II
. (2.3.9)
which coincides with equation (3.3) of [79]. Notice that this contribution increases
with large gI . However gI  gII also implies that the all the SU(2)L doublets of
the MSSM have a large coupling gX with the heavy vectors (2.3.8), in potential
conflict with the EWPT as we discuss below.
The fact that α in (2.3.3) is nonzero means that the complex SU(2)diag triplet,
which is contained in Σ, takes a small nonzero vev. Thus we expect at tree level
a correction to the ρ parameter proportional to α2. The precise computation can
be done by keeping α in |DµΣ|2 and then diagonalizing the full mass matrix. The
result at the lowest relevant order is that mZ is unchanged while:
m2W =
g2 v2
2
+ 2g2α2
which means:
ρ = 1 + 4
α2
v2
.
One can define the triplet mass MT = M
2
Σ +
1
2
(g2I + g
2
II)u
2, in terms of which:
∆ρ =
1
16
g4I
g2
u2m2W
M4T
cos2(2β) (2.3.10)
This correction however is very small, as discussed in Section 2.3.2.
2.3.1 Naturalness bounds
In analogy with (2.2.10) we now impose:
∆u =
∣∣∣∣ ∂ log u2∂ logM2Σ
∣∣∣∣ = M2ΣB −M2Σ ≤ 10
so that:
M2Σ
u2
≤ 10λ2 . (2.3.11)
On the other hand from (2.3.5) we obtain, in the limit of large tan β:
v2 = − 4µ
2
u
g′2 + ηg2
. (2.3.12)
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with η from (2.3.9). This means that, if we allow a finetuning ∆, then the radiative
corrections to the soft term m2Hu have to satisfy:
δm2Hu ≤
g′2 + ηg2
4
v2 ×∆ = (m
max
h )
2
2
×∆ (2.3.13)
in full analogy with (2.2.15).
As in the U(1) case, we want to avoid a Landau pole for the Yukawa coupling
λ, whose evolution is:
dλ
dt
=
{
0 if µ < 10 TeV
3λ
16pi2
[λ2 − g2I − g2II ] if µ > 10 TeV
where 10 TeV is an estimate of MΣ and Ms. We will thus impose:
λ(200 GeV) = λ(10 TeV) ≤ g2I + g2II |10TeV ≈ g2I + g2II |200GeV .
We now turn to the radiative corrections to the soft parameter mHu due to
the other soft terms. At one loop level the only relevant contribution comes from
the SU(2)I gauginos:
dm2Hu
d log µ
= − 6g
2
I
16pi2
M2I . (2.3.14)
where MI is the soft mass term in (2.3.1). Notice again that a low MI does not
imply a low physical gaugino mass, so that this bound is totally irrelevant for our
purposes. The leading contributions coming from MΣ start at two loop order.
To compute it, since Σ has no hypercharge, it is sufficient to make the following
substitutions in the MSSM formulae:
g2 → gI , Tr[3m2Q +m2L]→ Tr[3m2Q +m2L + 2M2Σ] .
The result is shown in Figure 2.3, with the same convention as Figure 2.1. The
running of the gauge couplings has been taken into account at one loop level:
dgI
d log µ
=
{
1
16pi2
g3I if 200 GeV < µ < 10 TeV
1
16pi2
2 g3I if µ > 10 TeV
(2.3.15)
dgII
d log µ
=
{ − 1
16pi2
6 g3II if 200 GeV < µ < 10 TeV
− 1
16pi2
5 g3II if µ > 10 TeV
where 10 TeV is an estimate of the soft mass of the bidoublet MΣ. Thus pertur-
bativity is not a stringent problem in this model, since the running is much less
violent than in the U(1) case.
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Figure 2.3: Finetuning ∆ (2.3.13), as a function of the scale M and the soft mass
parameter MΣ. Left for m
max
h = 2mZ , right for m
max
h = 2.5mZ . The thick line stands
for ∆ = 10.
2.3.2 Experimental bounds
The main new feature is now that all the MSSM particles charged under SU(2)L
have also a coupling gX (2.3.8) to three additional heavy vectors X
a
µ with mass
mX (2.3.6). With respect to the case of a single Z
′, this W ′ case involves in
general much more parameters [96]. Assuming SM-like couplings, Tevatron direct
searches exclude a mass below 720÷ 780 GeV [97, 98], see also [99]. The LHC is
expected to be able to discover heavy charged bosons up to mass of 5.9 TeV [100].
The complementary search for W ′ at e+e− colliders is studied in [101]- [103]. On
the other hand, indirect searches extracted from leptonic and semileptonic decays
and from cosmological and astrophysical data give a very wide range of upper
limits on mW ′ , depending on the various assumptions and varying from 500 GeV
to 20 TeV [104].
We will impose the relatively safe bound:
mX
5 TeV
& gX
gZ
. (2.3.16)
Since we stick to λ2 = g2I + g
2
II at low energy, for finetunig considerations from
(2.3.11) we deduce:
mX ≥ 1√
20
MΣ ≈ 0.22MΣ . (2.3.17)
We are actually interested in the case in which the equality holds, in order to
maximize mmaxh . For example, if m
max
h = 2mZ (2.5mZ) [3mZ ] then (2.3.16) gives
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mX & 8.5 (11) [14] TeV, so that (2.3.17) implies MΣ & 40 (50) [60] TeV; from
bounds like those in Figure 2.3 we see that naturalness then implies M < 100
(≈ 50) [≈ 60] TeV. Notice that the coupling gX remains below
√
4pi also for very
large mh. However beyond mh = 200 GeV the naturalness bound actually implies
MΣ ≈ M , which means no running at all. In other words, the only possibility
in order to be compatible with naturalness becomes to have the new soft scale
MΣ very close to the scale M , so that the logarithms in the radiative corrections
due to MΣ are suppressed. This starts being quite odd, and moreover the main
contribution would come from threshold effects which are model dependent. Of
course, the situation can be better if we accept a bound less stringent than (2.3.16).
Notice also that, saturating (2.3.11) and using λ2 = g2I + g
2
II at low energy, we
find M2T =
21
20
M2Σ so that (2.3.10) becomes, for large tan β:
∆ρ =
1
16
g4I
g2(g2I + g
2
II)
m2W
M2Σ
(
20
21
)2
1
10
≈ 1
176
g2I
g2II
m2W
M2Σ
.
A positive contribution to the ρ parameter in principle would be welcome, since
for mh & 200 GeV we start being outside of the 2σ line in the S − T plane of the
EWPT fit [16]. It is in fact true in general that a positive extra contribution to
T is helpful in case of a large Higgs boson mass [105]. Unfortunately, with MΣ of
the order of 40 TeV, we get ∆ρ ∼ 10−7 which is totally negligible. Thus the case
mh ≥ 2.5mZ is outside of the 95 % c.l. region in the S − T plane, and one should
look for some extra contributions to T in order to defend this possibility.
Conclusions - SU(2)
With an input scale M ∼ 100 (50) TeV we can have a supersymmetric extension
of the Standard Model in which mh can be as large as 2mZ (2.5mZ) at tree
level with 10 % finetuning at most. The theory is perturbative up to Λ v 108
(103) TeV. Beyond mh = 200 GeV the interplay between naturalness and EWPT
starts disfavouring the model, requiring MΣ ≈M . The constraints come from: i)
naturalness, ie Figure 2.3; ii) EWPT, ie (2.3.16). The contribution of the small
triplet vev to the ρ parameter at tree level is totally negligible. The case mh > 200
GeV needs a positive contribution to the T parameter. The non universal model
does not significantly change the situation.
2.4 λSUSY
This last model, which is the NMSSM [73]- [75] with large coupling, is extensively
studied in [88] and [106] to which we refer for details. In brief, one adds to the
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MSSM a gauge singlet s with superpotential:
W = λsHuHd
and a soft mass ms. Minimizing the scalar potential one finds, for the mass of the
lightest Higgs boson at tree level:
m2h ≤ m2Z cos2 2β + λ2v2 sin2 2β . (2.4.1)
It has been shown [88] that the model can be compatible with the EWPT, with
a preference for relatively low tan β. Thus we basically have mmaxh ≈ λv.
Since we want to increase mh significantly, the coupling λ has to be of order
unity at the low scale so that it will typically increase at higher energies. The
relevant RGEs are (see also [107]- [109] for more complete analyses):
dλ
dt
=
λ
16pi2
(
4λ2 + 3y2t − 3g22 − g21
)
dyt
dt
=
yt
16pi2
(
λ2 + 6y2t −
16
3
g23 − 3g22 −
13
15
g21
)
.
For example if mmaxh = 2mZ (m
max
h = 3mZ) then the semiperturbativity scale
λ(Λ) =
√
4pi comes out to be Λ ∼ 104 TeV (Λ ∼ 100 TeV). The only extra natu-
ralness constraint is on the soft mass ms. Computing the logarithmic derivative
of v2 with respect to ms one finds (see Section 5.2 of [88]), in the limit in which
tan β = 1, a constraint which is totally analogous to (2.2.15) and (2.3.13):
δm2Hu <
(mmaxh )
2
2
×∆ . (2.4.2)
The bound on ms which comes from:
dm2Hu
d log µ
=
λ2
8pi2
m2s
is shown in Figure 2.4, with the same convention as in the other cases. Notice
that now we do not have extra experimental constraints which are directly related
to the new soft mass, as in the case of the gauge models.
In conclusion, at the price of allowing a large Yukawa coupling λ one can
significantly increase the masses of the scalar sector of the MSSM consistently
with naturalness and EWPT. For example, with semiperturbativity at 10 TeV
the lightest Higgs boson can be as heavy as 350 GeV. The consequences on the
LHC phenomenology are considered in [106].
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Figure 2.4: Finetuning ∆ (2.4.2), as a function of the scale M and the soft mass
parameter ms. Left for m
max
h = 2mZ , right for m
max
h = 3mZ . The thick line stands for
∆ = 10.
2.5 Concluding remarks
We made a comparative study of the three simplest extensions of the MSSM in
which the lightest Higgs boson mass can be significantly raised at tree level: a U(1)
gauge extension, a SU(2) gauge extension, and λSUSY. From a bottom-up point of
view, we discussed the interplay between naturalness and experimental constraints
and we showed that the goal can be achieved. The maximum possible mh that one
can obtain is shown in Figure 2.5 as a function of the scale of semiperturbativity.
In the SU(2) case it seems difficult to be consistent with both the EWPT and
naturalness if mh is beyond 200 GeV.
The prices that one may have to pay are the following: 1) low semiperturba-
tivity scale Λ; 2) low scale M at which the soft terms are generated; 3) presence
of different scales of soft masses3; 4) need for extra positive contributions to T .
With low scale we mean . 100 TeV. With (3) we mean that, besides the usual
soft masses of order of hundreds of GeV, one may need some new soft masses of
order 10 TeV. The “performance” of the three models is summarized in Table 2.2.
A unified viewpoint on the Higgs mass and the flavor problems for this kind of
models is the content of the next Chapter.
3Anticipating the discussion of the subsequent Chapters, in principle this feature could be
even welcome since we are going to consider a spectrum of hierarchical type. However we will
see in the next Chapter that the prefered model in our context is definitely λSUSY, which does
not need the new soft term to be large.
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Figure 2.5: Tree level bound on mh as a function of the scale Λ at which gI or λ or gX
equals to
√
4pi; in the SU(2) model (dashed), in λSUSY (solid), and in the U(1) model
(dotdashed). For λSUSY one needs a low tanβ, for the gauge extensions one needs a
large tanβ and 10% finetuning at tree level in the scalar potential which determines the
new breaking scale. In the SU(2) case one should not go much beyond mh ∼ 200 GeV,
as discussed in Section 2.3.2.
mmaxh /mZ Price to pay
U(1) 2 (1),(2),(3)
SU(2) 2 (2),(3)
SU(2) 2.5 (1),(2),(3),(4)
λSUSY 2 −
λSUSY 3 (1)
Table 2.2: Summary, see text.
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Chapter 3
A Non Standard
Supersymmetric Spectrum
3.1 Motivations
As already stressed, the Higgs mass1 in the MSSM poses a naturalness problem. Is
the Flavour problem a naturalness problem as well? Given the little we understand
about flavour, this is not the easiest question to answer. Let us take the view,
however, as put forward by many authors in the nineties [110] - [116], that the
SUSY Flavour problem may have something to do with a hierarchical structure
of sfermion masses: the first two generations significantly heavier than the third
one. How much heavier can now become a naturalness problem, depending on the
bounds that the sfermion masses have to satisfy [40,41]. Here we argue about the
possibility that the two issues, “the Higgs problem” and “the Flavour problem”,
be related naturalness problems, that may be addressed at the same time by
properly extending the MSSM.
Let us insist on the SUSY Flavour problem in connection with a hierarchical
sfermion spectrum. As well known, without degeneracy nor alignment between
the first two generations of squarks, mq˜1,2 , the consistency with the ∆S = 2
transitions, both real and especially imaginary, would require values of mq˜1,2 far
too big to be natural. Relatively mild assumptions on all the sfermion masses
of the first two generations, on the other hand, as recalled later, allow to satisfy
the various flavour constraints by smaller values of mf˜1,2 that may be considered
if they are natural or not, hence the potential connection with the Higgs mass
1NOTE ADDED: During the time between the approval and the defense of this Thesis, a
SM-like Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l. by
the LHC collaborations [1]. The considerations of this Chapter are thus now excluded unless the
couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with respect
to the SM ones.
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Figure 3.1: A representative Non Standard Supersymmetric Spectrum with mh =
200÷ 300 GeV and mf˜1,2 & 20 TeV. Figure taken from [3].
problem. In formulae, the two naturalness constraints (1/∆ is the amount of fine
tuning as defined in the usual way [40], mt˜ is the average stop mass):
m2
t˜
m2h
∂m2h
∂m2
t˜
< ∆ (3.1.1)
m2
f˜1,2
m2h
∂m2h
∂m2
f˜1,2
< ∆ (3.1.2)
must be considered together and the corresponding bounds might be reduced to
an acceptable level by pushing up the theoretical value of mh, on which the level
of fine tuning depends at least quadratically2. Ways to push up mh even by a
significant amount, between 200 and 300 GeV, have already been put forward [78]
- [88], and some simple possibilities have been discussed in the previous Chapter.
Whether and how the Flavour problem can also be attacked in this manner is a
model dependent question that we are going to analyze in various cases proposed
in the literature. In summary, and as an anticipation, we seek for models where
a typical spectrum like the one shown in Fig. 3.1 can be naturally implemented.
This Chapter is mainly based on [3].
2Note that replacing the physical Higgs mass mh with the Z mass or with any of the soft
mass parameters for the Higgs doublets does not change the naturalness constraints on mt˜ or
on mf˜1,2 , at least as long as the other physical Higgs bosons are not too close in mass to the
lightest one, h, as we consider in the following for good phenomenological reasons. On this, see
e.g. [88].
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3.2 Hierarchical sfermion masses
and flavour physics: a summary
A way to summarize the potential connection between the SUSY Flavour problem
and hierarchical sfermion masses is the following3.
• Without degeneracy nor alignment the bounds that the first two generations
of squark masses would have to satisfy to be compatible with the flavour
constraints, mostly from ∆S = 2 transitions, are in the hundreds of TeV,
with weak dependence on the much lighter gaugino masses. On the other
hand, if we assume degeneracy and alignment of order of the Cabibbo angle,
i.e. in terms of the standard notation:
δLL12 ≈
|m21 −m22|
(m21 +m
2
2)/2
≈ λ ≈ 0.22, (3.2.1)
and δLL ≈ δRR >> δLR, then the bounds are significantly reduced to:
Real ∆S = 2⇒ mq˜1,2 & 18 TeV , (3.2.2)
Im ∆S = 2, sinφCP ≈ 0.3⇒ mq˜1,2 & 120 TeV . (3.2.3)
Furthermore if δLL >> δRR, δLR (or δRR >> δLL, δLR), these bounds are
replaced in the strongest cases by:
∆C = 2⇒ mq˜1,2 & 3 TeV (3.2.4)
Im ∆S = 2, sinφCP ≈ 0.3⇒ mq˜1,2 & 12 TeV (3.2.5)
from CP conserving or CP violating effects respectively.
• The exchange of the third generation of sfermions may also produce too big
flavour effects unless the off-diagonal δi3, i = 1, 2 are small enough. If for
example we assume a correlation between the off-diagonal elements and the
ratio of the diagonal masses of the type:
δLLi3 ≈
m2
f˜3
m2
f˜i
, (3.2.6)
a dominant constraint comes from B −B mixing:
∆B = 2⇒ mq˜1,2 & 6 TeV (
mq˜3
500 GeV
)1/2. (3.2.7)
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Figure 3.2: Upper bounds for different ∆ = 1, . . . , 100 on the masses of the first and
second generation scalars as function of the scale M at which they are generated. Left:
no special condition at M . Right: degenerate masses at M , at least within SU(5)
multiplets.
Similar or weaker constraints are obtained from the Electric Dipole Moments.
As said, too little is known about flavour to be able to draw any firm conclusion.
Yet the pattern of charged fermion masses makes it conceivable that approximate
flavour symmetries be operative to justify some of the assumptions made above
and therefore the corresponding bounds. In turn, at least as an orientation, it is
useful to compare them with the naturalness constraints that limit the sfermion
masses from above [41, 117]. In the MSSM case, this is shown in Fig.s 3.2 as
function of the scale M at which the soft masses are generated. In the figure on
the left the bound is on the heaviest among the sfermion masses of the first two
generations, when the source of the renormalization of mh, relevant to (3.1.2), is
a one-loop induced hypercharge Fayet-Iliopouolos term:
Tr(Y m˜2) = Tr(m˜2Q + m˜
2
D − 2m˜2U − m˜2L + m˜2E) (3.2.8)
without particular initial conditions on the individual terms. When the Fayet-
Iliopouplos term vanishes, then the dominant effect on mh comes from two loops.
In the figure on the right side we show the bound on the (approximately degener-
ate) sfermion masses of the first two generations assuming them to be degenerate,
at least within SU(5) multiplets, at the scale M where the renormalization group
3For a recent analysis see [117]. Notice however that in that paper one always considers
δLL >> δRR or viceversa.
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flow starts.
All this shows that in the MSSM, without giving up naturalness, the Flavour
problem can perhaps be addressed by a hierarchical structure of the sfermion
masses only if rather specific assumptions about their flavour structure are made,
definitely stronger than the ones described above. While this is not excluded,
we find it useful the reconsider the same problem in a broader context than the
MSSM.
3.3 SUSY without a light Higgs boson
3.3.1 Cases of interest
Extensions of the MSSM have been studied that allow a significant increase of
the mass of the lightest Higgs scalar, say above 200 GeV. This goes from the
consideration of the MSSM as an effective Lagrangian with the inclusion of su-
persymmetric non-renormalizable operators [69,118,119] to the design of specific
models, valid up to a large scale, that try to keep the success of perturbative gauge
coupling unfication. Here we take an intermediate view. On one side we want to
keep manifest consistency with the EWPT, which we do by requiring a minimum
value of the scale Λ at which perturbativity holds at least up to 5 ÷ 10 TeV. In
particular this leads us not to consider raising significantly the Higgs boson mass
by the inclusion of higher dimensional operators. On the other side, in line with
a typical bottom-up viewpoint, we do not seek for a complete description of the
physics all the way up to (possible) unification.
The previous Chapter, based on [2], is a representative of some of the attempts
that satisfy these criteria. For convenience we summarize the relevant aspects of
the analysis:
• Extra U(1) factor. [79] The MSSM is extended to include an extra U(1)
factor with coupling gx and charge ±1/2 of the two standard Higgs doublets.
The extra gauge factor, under which also the standard matter fields are
necessarily charged, is broken by the vevs of a pair of extra scalars, φ and
φc, each in one chiral extra singlet, at a significantly higher scale than v.
The upper bound on the mass of the lightest Higgs scalar now becomes:
m2h ≤ (m2Z +
g2xv
2
2(1 +
M2X
2M2φ
)
) cos2 2β (3.3.1)
where MX is the mass of the new gauge boson and Mφ is the soft breaking
mass of the scalars φ, or φc, taken approximately degenerate.
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• Extra SU(2) factor. [81, 82] In this case the standard ElectroWeak gauge
group is extended to SU(2)I × SU(2)II × U(1)Y with SU(2) couplings gI
and gII . For simplicity we take that all the standard matter fields, and so
the two Higgs doublets, only transform under one of the SU(2)-factors (but
will comment later on on this property). The two SU(2) are broken down,
at a scale about two orders of magnitude higher than v, to the diagonal
SU(2) subgroup by the vev of a chiral multiplet Σ transforming as (2, 2).
In such a case the upper bound on the Higgs mass becomes:
m2h ≤ m2Z
g′2 + ηg2
g′2 + g2
cos2 2β, η =
1 +
g2IM
2
Σ
g2M2X
1 +
M2Σ
M2X
, (3.3.2)
where this time MΣ is the soft breaking mass of the scalar in Σ and MX
the mass of the quasi-degenerate heavy gauge triplet vectors. Note that
both in (3.3.1) and in (3.3.2) the standard MSSM bound is recovered in the
supersymmetric limit, Mφ,MΣ << MX , as it should.
• λSUSY. This is the NMSSM case with an extra chiral singlet S coupled in
the superpotential to the usual Higgs doublets by ∆f = λSH1H2, where the
upper bound on the lightest scalar is:
m2h ≤ m2Z(cos2 2β +
2λ2
g2 + g′2
sin2 2β) . (3.3.3)
Mixed cases with extra contributions to the Higgs potential both from D-terms
and from F-terms are also possible, but they are not of interest here since they
would not change any of our conclusions. The maximum value of mh in the three
different cases (tan β >> 1 for the extra-gauge cases and low tan β for λSUSY) as
function of the scale at which some coupling becomes semi-perturbative is reported
in Figure 2.5.
3.3.2 Naturalness bounds on the first and second genera-
tion
Having succeeded in raising the Higgs boson mass, we can now ask what happens
of the bounds in (3.1.1, 3.1.2). The bound on the stop masses is certainly relaxed,
but the value of the stop masses is anyhow no longer relevant to the Higgs mass
problem, which is solved by the tree level large extra contributions in all cases.
What about the bounds on the sfermion masses of the first two generations? How
do they compare with those in Fig. 3.2 for the MSSM?
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Figure 3.3: As in Fig. 3.2 with degenerate scalars at M. Left: U(1), mh = 180 GeV.
Right: SU(2), mh = 200 GeV.
Let us consider the case in which the first two generations of sfermions take a
common value, mˆ, at a scale M , when the dominant effects on the renormaliza-
tion of mh come from two loops and the relevant equation in the MSSM case is
(tan β >> 1)
dm2h
d log µ
=
48
(16pi2)2
(g4 +
5
9
(g′)4)mˆ2. (3.3.4)
The corresponding equations in the gauge extensions described above are:
• Extra U(1) factor
dm2h
d log µ
=
48
(16pi2)2
(g4 +
5
9
(g′)4 +
7
6
g4x))mˆ
2 (3.3.5)
• Extra SU(2) factor
dm2h
d log µ
=
48
(16pi2)2
(g4I +
5
9
(g′)4)mˆ2 (3.3.6)
with a clear correspondence between the different equations. From (3.1.2), by
integrating these equations from M all the way down to mˆ itself, one obtains
the naturalness bounds shown in Fig. 3.3 for fixed values of mh. Note that the
running of mˆ is by itself negligible since all gauginos are taken significantly lighter.
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Figure 3.4: As in Fig. 3.2 for λSUSY, mh = 250 GeV. Left: no special conditions at
M . Right: degenerate scalars at M .
In turn this means that mˆ represents a typical mass of any of the sfermions of the
first two generations, still essentially not split even at µ = mˆ.
The comparison of Fig. 3.2 with Fig. 3.3 makes clear what happens. The
presence in (3.3.5) and (3.3.6) of the contributions from the largish couplings,
which are the very source of the increased Higgs boson mass, makes the bound
on mˆ actually stronger than in the MSSM case. In the SU(2) case this pattern
is insensitive to the way in which the couplings of the matter fields are spread
among the two different SU(2) factors, although this may influence the high energy
behaviour of the extra gauge couplings themselves.
The situation is completely different in λSUSY. Here the Higgs sector is af-
fected by the largish coupling λ, but this is essentially not the case for the first
two generations of sfermions due to their negligibly small Yukawa coupling. As a
consequence, while the loop dependence of mh on mˆ is the same as in the MSSM,
mh itself is increased, thus reducing the fine tuning. This is shown in Fig. 3.4
with or without degenerate initial conditions for the sfermions of the first two
generations. For low enough values of M , the masses of the first two generations
of sfermions can go up to 20 ÷ 30 TeV in a natural way, a factor of 3 ÷ 4 above
the values in the MSSM. In view of the considerations developed in Sect. 3.2, this
goes in the direction of solving the SUSY Flavour problem.
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Figure 3.5: Colour conservation bound on mˆ with Mg = 2 TeV (solid), 1 TeV (dashed),
500 GeV (dotdashed). The dotted line below M = 100 TeV stands for the estimate
mˆ/mQ˜3 . 25 for mˆ ∼ M from [121] (see text). Left for mh = mZ , right for mh = 250
GeV.
3.3.3 Constraint from colour conservation
As pointed out in [120], there is an additional constraint on the soft masses of the
sfermions of the first two generations. Since colour and electromagnetism must
be unbroken, the squared masses of the lighter sfermions of the third generation
must not become negative. Neglecting the Yukawa couplings and focussing on the
quark sector the relevant RGEs are, up to two loops, with a degenerate initial
condition mˆ for the first two generations:
dm2u˜3
d log µ
= − 1
16pi2
32
3
g23M
2
g +
8
(16pi2)2
(
16
15
g41 +
16
3
g43
)
mˆ2 (3.3.7)
dm2
Q˜3
d log µ
= − 1
16pi2
32
3
g23M
2
g +
8
(16pi2)2
(
1
15
g41 + 3g
4
2 +
16
3
g43
)
mˆ2 (3.3.8)
where we also neglected all the gauginos except the gluino. From (3.3.7) and
(3.3.8) we see that a large mˆ tends to induce negative stop squared masses at the
low scale, especially in the case of Q˜3.
To find a bound on mˆ from these considerations we proceed as follows. First
of all we take the value of mQ˜3 = m3 at M which gives at most 10 % finetuning
on the Fermi scale and comes from:
∂ log v2
∂ logm23
≈ 6 (mt/175 GeV)
2
16pi2
m23
m2h/2
log
M
200 GeV
≤ 10 (3.3.9)
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which is valid both for the MSSM with large tan β (mh = mZ) and for λSUSY
with tan β ≈ 1 (mh = λv). Then, starting from this value at the scale M , we
impose that the running due to (3.3.8) does not drive m2
Q˜3
negative at 200 GeV.
The result is shown in Figure 3.5 in the case of the MSSM (left) and in the
case of λSUSY with λv= 250 GeV (right), as a function of M , mˆ, and the gluino
mass at low energy Mg. Notice that, in the case of the MSSM, for M = MGUT
we obtain basically the same bound as in Figure 2 of [120] (to be compared with
our Figure 3.6, see also [10]), with the proper translation of the parameters4. In
the case mˆ ∼ M an important contribution comes from threshold effects, which
can be estimated [121] to give a bound mˆ/mQ˜3 . 25. This estimate is shown as
a dotted line in Figure 3.5.
The conclusion is that also this constraint is relaxed in the case of interest,
and is not significantly different from the one in Figure 3.4. The relaxation of the
bound is due to the fact that we consider a low M scale and moreover, with the
same 10 % finetuning, we can allow stop masses at M which are larger than usual,
because of the increased quartic coupling of the Higgs sector. On the contrary,
the stronger bounds quoted in the literature [120,121] refer to the case mh = mZ
and in most cases to M = MGUT .
0.05 0.10 0.15 0.20 0.25
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m
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2
Figure 3.6: Bound from colour conservation, analogous to Figure 2 of [120]. The
regions below the curves are excluded with M/TeV= 1013 (solid), 108 (dashed), 103
(dotdashed).
4Our colour conservation constraint is actually slightly stronger because we keep only the
gluino mass, while [120] keeps all the gauginos with equal mass at MGUT .
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3.4 Phenomenological consequences
3.4.1 Gluino pair production and decays
At least in a first stage of the LHC and taking into account the current Tevatron
constraints, gluino pair production is the source of the relatively most interest-
ing signals. Naturalness considerations highlight a most crucial region of mass
parameters for the gluino, g˜, the two stops, t˜1,2 and for the µ parameter. Toler-
ating a finetuning of 20% (∆ = 5) at most, as in [88], one is led to consider the
quite-non-standard region (see Figure 3.7):
mg˜ . 1800 GeV, mt˜1 < mt˜2 . 800 GeV, µ . 400 GeV. (3.4.1)
Allowing ∆ = 10 these bounds are relaxed by a factor
√
2: for example, even a
gluino above 2 TeV can be natural in this context, that is a quite unusual feature.
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Figure 3.7: The naturalness bounds on parameters as functions of tanβ, for two cases
of mH± = 700 GeV (solid lines) and 400 GeV (dashed lines). The four lines represent
mmaxg˜ , m
max
S , m
max
Q˜,t˜R
and µmax from above, for each case of mH± = 700 GeV and 400
GeV. These bounds hold with ∆ = 5, equivalent to 20% finetuning. Figure taken
from [88].
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A relevant completion of this set of physical parameters is obtained by adding
the mixing angle θt (
t˜L
t˜R
)
=
(
sin θt cos θt
− cos θt sin θt
)(
t˜1
t˜2
)
, (3.4.2)
which also determines the mass of the left-handed sbottom, b˜L
5,
m2
b˜
≈ m
2
t˜2
−m2
t˜1
2
cos 2θt +
m2
t˜2
+m2
t˜1
2
−m2t , (3.4.3)
the usual gaugino masses M1,2 and the mass of the right handed sbottom, b˜R, in
the range:
θt = 0÷ pi
2
, M1,2 . 600 GeV, mb˜R . 600 GeV. (3.4.4)
The upper range for M1,2 and mb˜R is not relevant to naturalness but has the
meaning of a practical decoupling value for the corresponding particles, given
the ranges in (3.4.1). The masses of the third generation sleptons are relatively
less important to the phenomenology of gluino decays as long as the Lightest
Supersymmetric Particle (LSP) is a neutralino.
An effective way to characterize the signal from gluino pair production is to
consider the semi-inclusive Branching Ratios [122]:
Btt = BR(g˜ → tt¯χ) Btb = BR(g˜ → tb¯χ) = BR(g˜ → t¯bχ)
Bbb = BR(g˜ → bb¯χ), (3.4.5)
where χ stands for the LSP plus W and/or Z bosons, real or virtual, that may
occur in the chain decays. To an excellent approximation in the ranges (3.4.1) it
is:
Btt + 2Btb +Bbb ≈ 1, (3.4.6)
so that the final state from gluino pair production is:
pp→ g˜g˜ → qqq¯q¯ + χχ (3.4.7)
with q either a top or a bottom quark for a total of nine different possibilities.
A particularly interesting signal are the equal-sign di-leptons (e or µ) from
semi-leptonic top decays [123]- [126], with an inclusive branching ratio:
BR(l±l±) = 2B2l (Btb +Btt)
2 (3.4.8)
5We neglect the chirality mixing between the two sbottom states, which is in particular
not enhanced by large tanβ as in the MSSM case. We neglect also small terms in the squark
mass-matrices squared proportional to g2v2.
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where Bl = 21%. Since Bbb is relatively disfavored by yt >> yb, in the greatest
part of the relevant parameter space BR(l±l±) is between 2 and 4 %. Lower
values can occur when: i) b˜L or b˜R become the lightest squarks ( for b˜L this is
for θt → pi/2) and/or ii) mg˜ . mLSP + mt. Additional although typically softer
leptons can be present in the final states due to W and or Z decays included in χ.
3.4.2 A largely unconventional Higgs sector
The Higgs system of λSUSY has been studied in detail in [88, 106], although for
an almost limit value of λ = 2 and for a relatively heavier singlet scalar φS so that
its mixing with the more MSSM-like states, h,H,A, can be ignored.
Needless to say a most striking feature of λSUSY would be the discovery
of the golden mode h → ZZ, with two real Z bosons, in association with a
supersymmetric signal as described above. The constraint from b → s + γ is
straightforwardly satisfied, given the moderate value of tan β, for a charged Higgs
boson, H±, heavier than about 400 GeV, thus implying in most of the parameter
space a similar lower bound for the neutral scalars, H and A. In turn naturalness
suggests all of them not to be heavier than about 800 GeV.
In this Higgs boson sector, beyond the mass values, there are several important
effects due to the largish coupling λ. One such effect is in the one loop corrections
to the T -parameter due to the virtual Higgs exchanges. These corrections are
positive and automatically of the right size to compensate for the growth of both
T and S due to the heavier mh, so as to keep agreement with the EWPT in
a relatively broad range of tan β, not too far from unity [88]. Specifically in
the heavy Higgs sector, a most striking feature of λSUSY is the width for the
decay H → hh, which, being proportional to λ2, can go up to about 20 GeV for
mH = 500÷ 600 GeV [106].
3.4.3 Dark Matter: relic abundance and direct detection
In λSUSY the LSP can acquire, relative to the MSSM, an extra component in the
direction of the neutral singlet S. Here we shall consider the case in which such
component is negligible, due to its heaviness relative to µ,M1 and possibly M2.
This allows us to illustrate in clear terms a generic feature of the relic abundance
of χLSP due to the heaviness, relative to the MSSM, of the lightest Higgs boson.
Such feature would in fact be common to any of the models discussed in Sect. 3.3
as long as they share a Higgs boson in the 200÷ 300 GeV mass range.
The way in which the LSP in the MSSM can acquire the observed relic abun-
dance to allow its interpretation as a DM candidate is well known. As observed
in [127], after LEP constraints are taken into account, the correct prediction for
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Figure 3.8: Isolines of DM relic abundance (solid) and of LSP masses (dashed) for
M2 >> M1. Dark blue regions (current CDMS exclusion), light blue (projected
XENON100 sensitivity). Left: MSSM, mh = 120 GeV, tanβ = 7. Right: λSUSY,
mh = 200 GeV, tanβ = 2. Figure taken from [3].
Figure 3.9: As in 3.8. Left: λSUSY, mh = 250 GeV, tanβ = 2, M2 >> M1. Right:
λSUSY, mh = 200 GeV, tanβ = 2, M2 = 200 GeV. Figure taken from [3].
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the DM density requires special relations among parameters, justifying the ter-
minology of “well-tempered” neutralino. This is neatly illustrated in Fig. 3.8
on the left hand side, which is appropriate to the “well-tempered” bino/higgsino
case, i.e. for large (and irrelevant) M2: to obtain the observed relic abundance,
M1 and µ should be pretty close to each other. In the same plot, which is for
mh = 120 GeV and tan β = 7, the regions are also shown to which the direct de-
tection searches are either currently sensitive [128] or should become sensitive in a
near future [129]. To draw these contours we assume everywhere a standard DM
density in the halo of our galaxy. These sensitivity regions are therefore directly
relevant only where they overlap with regions of correct relic abundance.
The effect of the larger mh is clearly visible in the same Fig. 3.8 on the right
hand side, which is appropriate to λSUSY for mh = 200 GeV and tan β = 2, while
M2 is still kept large. In both plots of Fig. 3.8 it is mA = 550 GeV. The effect
of the tt¯ threshold, only visible in the figure on the right, is due to the 1/ tan β
behaviour of the Att¯ coupling, negligible in the case of the MSSM for tan β = 7.
Fig. 3.9 shows two other cases for λSUSY. On the left hand side everything
is as in Fig. 3.8 right, except for mh = 250 GeV. On the right hand side, for
mh = 200 GeV and tan β = 2, M2 is lowered to 200 GeV. The raise of mh has also
a clear and well known effect on the direct detection cross sections, dominated by
h-exchange and therefore proportional to 1/m4h [130,131]. This effect is relatively
compensated in the low M2 case by a significant change in the LSP composition.
3.5 Concluding remarks
In this Chapter we have given attention to the possibility that the Higgs mass
problem and the Flavour problem contain a unique message. Notwithstanding
the validity of the standard MSSM approach, which makes its test a crucial task
of the LHC, we argue that this is a meaningful possibility. Truly enough it rests on
the notion of naturalness, which can hardly be viewed as the basis of any theorem,
and moreover there is no serious understanding of the flavour pattern. Yet the
possibility that the Higgs mass problem and the Flavour problem point towards
an extension of the MSSM needs to be given serious consideration. The basic
simple idea that we pursue is that a lightest Higgs boson naturally heavier than
in the MSSM renders at the same time more plausible that the SUSY Flavour
problem has something to do with a hierarchical structure of the sfermion masses,
a connection often invoked in the past.
At first the constraints set by the lack of flavour signals would seem to require
values of the masses of the first two generations totally incompatible with natu-
ralness. However the combination of mild flavour assumptions with a relaxation
of the naturalness constraints by an order of magnitude thorough a heavier Higgs
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boson than normal can change the situation. The concrete proposal that we make,
which should at least be taken as an example, consists of the following. With de-
generacy and alignment between the first two generations of sfermions controlled
by a parameter of the order of the Cabibbo angle and a ratio of 4 ÷ 5 between
δLL12 and δ
RR
12 , in one direction or another, even the hardest flavour constraints can
be satisfied by mf˜1,2 & 20÷ 30 TeV. In turn these masses are natural if they are
born degenerate, at least within SU(5) multiplets, at a scale M below 103 TeV
and a modification of the Higgs sector, which remains perturbative up to the same
scale, raises the lighest Higgs boson mass in the 200÷ 300 GeV range, e.g. like in
λSUSY. No matter what produces it, a Non Standard Supersymmetric Spectrum
like the one shown in Fig. 3.1 is brought into focus.
Even before any detailed investigation, which is beyond the scope of this The-
sis, the following phenomenological consequences clearly emerge:
• The abundance of top, even generally more than bottom quarks, in the
gluino decays, giving rise to a distinctive signature in gluino pair production,
which could be detected already in the early stages of the LHC.
• The appearance of the very much non MSSM-like golden mode decay of the
lighest Higgs boson, h → ZZ, although with a reduced Branching Ratio
[88,106] relative to the SM one with the same Higgs boson mass.
• A distinctive distortion of the relic abundance of the lightest neutralino,
again relative to the MSSM, due to the s-channel exchange of the heavier
Higgs boson in the LSP annihilation cross section, with an LSP which needs
no longer be “well-tempered”.
For further phenomenological studies of λSUSY see also [132–134].
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4.1 A pattern of flavour symmetry breaking
The elusiveness so far of any clear deviation from the Standard Model (SM) in
Flavour Changing Neutral Current (FCNC) amplitudes poses problems to phe-
nomenological supersymmetry, arguably even more than the lack of direct signals
of any s-particle. Since the early times the SUSY Flavour problem has been the
subject of many investigations with several suggestions for its possible solution.
However the remarkable progression of the flavour tests achieved in the last years
has rendered the problem more acute. While deviations from the SM could be
hiding just around the corner, as perhaps even hinted by recent data, the overall
quantitative success of the SM in describing many measured FCNC effects calls
for a reconsideration of the issue.
Broadly speaking one can group the various attempts at addressing the SUSY
Flavour problem in three categories: “degeneracy” [57,135], “alignment” [136] or
“hierarchy” [110]- [117]. Here we follow a specific direction centered on the special
role of the top Yukawa coupling and, by extension, of the full Yukawa couplings for
the up-type quarks. We base its implementation on a definite pattern of flavour
symmetry breaking, which will result in a kind of blending of the three different
approaches just mentioned.
This Chapter is mainly based on [4] and [6]. Our assumptions are the following:
• Among the squarks, only those that interact with the Higgs system via the
top Yukawa coupling are significantly lighter than the others.
• With only the up-Yukawa couplings, Yu, turned on, but not the down-
Yukawa couplings, Yd, there is no flavour transition between the different
families.
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The first assumption is in line with the “hierarchical” picture. On one side the
tight constraints on the flavour structure of the first two generations of squarks,
q˜1,2, by kaon physics get relaxed by taking q˜1,2 sufficiently heavy. On the other
side the naturalness upper bounds on all the squarks that do no feel the top
Yukawa couplings, i.e. again q˜1,2 and the right-handed sbottom, are much looser
than for all the other s-particles [41]. The second assumption corresponds to
the “alignment” between Yu and the squared mass matrices of the left-handed
doublet squarks, m2
Q˜
, and of the right-handed singlet squarks of charge 2/3, m2u˜.
This alignment can result from a suitable pattern of flavour symmetry breaking.
In fact, in the Yd = 0 limit, the largest flavour symmetry consistent with the
above hypotheses is
U(1)B˜1 × U(1)B˜2 × U(1)B˜3 × U(3)dR , (4.1.1)
where B˜i acts as baryon number but only on the supermultiplets Qˆi and uˆRi of
the i-th generation, respectively the left-handed doublets and the charge-2/3 right-
handed singlets, whereas U(3)dR acts on the three right-handed supermultiplets
of charge 1/3. We are going to analyze in detail the consequences of this flavour
symmetry, assumed to be broken down to overall baryon number by the small
Yd couplings only. Throughout this Chapter we take tan β, as usually defined in
supersymmetric models, below about 10.
Smaller symmetries that are interesting to consider as well are
U(1)B˜1 × U(1)B˜2 × U(1)B˜3 × U(1)dR3 × U(2)dR (4.1.2)
and
Π3i=1U(1)B˜i × U(1)dRi , (4.1.3)
always broken by the (supersymmetric) down-Yukawa couplings only. Needless
to say, when Yd is switched on, U(3)dR still implies approximate degeneracy of
all the right-handed down squarks, whereas only the first two generations are
approximately degenerate in the U(2)dR case. These symmetries can be compared,
for Yu = Yd = 0, to the usual case 1.1.5:
U(3)Q × U(3)uR × U(3)dR , (4.1.4)
that leads, under suitable further hypotheses, to Minimal Flavour Violation (MFV)
[27] of the FCNC amplitudes.
4.1.1 Flavour changing transitions
Let us analyze the consequences of (4.1.1). In the physical basis for the charge
2/3 quarks, where we work from now on, the squared mass matrices m2
Q˜
,m2u˜ and
63
A pattern of flavour symmetry breaking
Effective MFV with
Hierarchical sfermions
the A-terms for the charge 2/3 squarks are flavour diagonal, up to corrections
controlled by Yd. Thus with Yd = 0 we have:
m2Q = diag (m
2
q˜1
,m2q˜2 ,m
2
q˜3
) , (4.1.5)
m2U = diag (m
2
u˜1
,m2u˜2 ,m
2
u˜3
) , (4.1.6)
m2D = m
2
d˜
× 1 . (4.1.7)
Here, only m2q˜3 and m
2
u˜3
are assumed to be light, while the other mass squared
parameters are heavy. We also assume all the slepton masses to be heavy.
Once Yd is switched on, the flavour symmetry is broken down to baryon number
and the squark mass matrices m2Q and m
2
D receive corrections quadratic in Yd,
since, in analogy with standard MFV, we promote Yd to a non-dynamical spurion
field transforming under (4.1.1) in such a way that the down-Yukawa couplings are
formally invariant. As mentioned above, we assume tan β to be small to moderate,
in the range tan β . 5. To see the effects of the corrections induced by Yd, one
must view Yd as the sum of 3 matrices Y
i
d , each with only the i-th row different
from zero,
Y id = 1
iYd , (1
i)αβ = δiαδiβ . (4.1.8)
The Y id transform as a triplet under U(3)dR and are charged under B˜i.
1 It follows
that
∆m2Q =
∑
i
m2q˜iY
i
d (Y
i
d )
† , (4.1.9)
∆m2D =
∑
i
m2
d˜i
Y id (Y
i
d )
† , (4.1.10)
where m2q˜i , m
2
d˜i
are real squared masses. Therefore, m2Q remains diagonal, whereas,
setting Yd = V Yˆd by U(3)dR invariance, with V the CKM matrix and Yˆd diagonal,
the correction to m2D becomes
∆m2D =
∑
i
m2
d˜i
YˆdV
†
1
iV Yˆd , (4.1.11)
which is negligibly small for m2
d˜i
= O(m2
d˜
).
In the physical basis for all matter fields, quarks and squarks, all the flavour
1We thank Marco Nardecchia for useful comments about this point.
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changing interaction terms are therefore
LFC = g√
2
(uLγ
µV dL)W
+
µ − g u˜∗LV W˜− dL +
g√
2
d˜∗LV W˜ 3 dL
−
√
2
g′
6
d˜∗L V B˜ dL −
√
2 g3 d˜
∗
L λ
b V g˜b dL
+u˜∗R Yˆu V H˜−u dL + uR Yˆu V dLH
+
u + h.c.,
(4.1.12)
where Yˆu is the diagonal Yukawa coupling matrix and terms proportional to Yd
have been neglected. As seen from the first term on the right-hand side of (4.1.12),
V is the Cabibbo-Kobayashi-Maskawa matrix. In deriving (4.1.12) we have ne-
glected the mixing between left and right squarks induced by the A-terms. Their
introduction would not change the fact that V is the only flavour-changing ma-
trix. Furthermore, mild conditions on their size make them only relevant in the
t˜L − t˜R mixing, which can be straightforwardly introduced in the analysis. LFC
in (4.1.12) coincides with the one that would be obtained from (4.1.4) and Yu, Yd
were promoted to spurions that keep the supersymmetrized SM Yukawa couplings
invariant2. The squark spectrum is, in the two cases, largely different.
The interactions in (4.1.12) inserted in suitable box diagrams give rise to the
following general structure of the ∆F = 2 effective Lagrangian
L∆F=2 = Σα 6=βΣj,kξαβk ξαβj fj,k(d¯LαγµdLβ)2 + h.c., α, β = d, s, b; j, k = 1, 2, 3,
(4.1.13)
where ξαβj = VjαV
∗
jβ (here j = u, c, t) and fj,k = fk,j are functions of the masses of
the j-th, k-th generations of up or down squarks, of the charged Higgs boson and
of the various gaugino, higgsinos.
Similarly from penguin-type diagrams one obtains
L∆F=1 = ΣsΣα 6=βΣkξαβk f (s)k Qαβ(s) + h.c., (4.1.14)
where s extends over all the the effective operators Qαβ(s) relevant to the processes
with different final states in ∆F = 1 FCNC transitions and the functions f
(s)
k
depend on the masses of the k-th generations of up or down squarks, other than
on the masses of the various gaugino, higgsinos and of the charged Higgs boson.
To be precise, both (4.1.13) and (4.1.14) only include the extra contributions
from the SM ones, due to the standard charged current interaction in (4.1.12),
which however, in the down sector, have exactly the same structure. The only
difference is in the form of the functions fj,k and f
(s)
k , which, in the SM case,
depend on the W mass and on the masses of the up-type quarks of the j-th, k-th
generations.
2The degeneracy of all the squark masses as Yu, Yd = 0 requires in fact some further assump-
tions on the relative size of the various corrections induced by switching on Yu and Yd [138].
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4.1.2 Effective Minimal Flavour Violation
Using Σiξ
αβ
i = 0 for any α 6= β, it is useful to reorganize the various terms in
(4.1.13) as
L∆F=2 = L∆F=233 + L∆F=212 + L∆F=212,3 (4.1.15)
where
L∆F=233 = Σα 6=β(ξαβ3 )2(f3,3 − 2f3,1 + f1,1)(d¯LαγµdLβ)2 + h.c., (4.1.16)
L∆F=212 = Σα6=β(ξαβ2 )2(f2,2 − 2f2,1 + f1,1)(d¯LαγµdLβ)2 + h.c., (4.1.17)
L∆F=212,3 = Σα 6=β2ξαβ2 ξαβ3 (f3,2 − f3,1 + f1,1 − f1,2)(d¯LαγµdLβ)2 + h.c. (4.1.18)
Similarly, for the ∆F = 1 case,
L∆F=1 = L∆F=131 + L∆F=121 (4.1.19)
where
L∆F=131 = ΣsΣα 6=βξαβ3 (f (s)3 − f (s)1 )Qαβ(s) + h.c., (4.1.20)
L∆F=121 = ΣsΣα 6=βξαβ2 (f (s)2 − f (s)1 )Qαβ(s) + h.c. (4.1.21)
In the SM, where, as said, these expressions also apply, the high degeneracy of
the up and charm quarks relative to the W mass makes such that only the first
terms on the right-hand-sides of (4.1.15) and (4.1.19) (for brevity “the top-quark
exchanges”) are relevant, or dominate over the others, in every FCNC process,
with the exception of the “real part” of the ∆S = 2 transition, where L∆F=212 is
important. Therefore, in any extension of the SM where the extra FCNC effects
are described by (4.1.13) and (4.1.14) and, furthermore, the first term on the right-
hand-side of (4.1.15) and (4.1.19) dominates over the others, all FCNC amplitudes
have the forms
A∆F=2αβ |MFV = A∆F=2αβ |SM(1 + ∆F=2) (4.1.22)
A∆F=1,sαβ |MFV = A∆F=1,sαβ |SM(1 + ∆F=1,s) (4.1.23)
with ∆F=2 and ∆F=1,s real and universal, i.e. not dependent on α and β. This
is called effective Minimal Flavour Violation. For clarity of the exposition we are
posponing the discussion of flavour blind CP phases [137] to Section 4.3.
As already mentioned a supersymmetric extension of the SM with a maximal
flavour symmetry (4.1.4) only broken by Yu and Yd leads under reasonable as-
sumptions to effective MFV. In this case the extra terms in (4.1.15) and (4.1.19)
are suppressed by the high degeneracy of the squarks of the first two generations
relative to their mean masses. In the case of hierarchical squark masses considered
here, based upon (4.1.1), the extra terms in (4.1.15) and (4.1.19) will in general
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only be suppressed by the heaviness of the first and second generation of squarks.
From the dependence upon ξαβi of L∆F=212 ,L∆F=212,3 and L∆F=121 and the consideration
of the experimental constraints on the various FCNC amplitudes, it is seen that
the dominant effects to be taken under control to obtain effective MFV are:
• From L∆F=212 the contribution to the “real part” of ∆S = 2;
• From L∆F=212,3 the contribution to the “imaginary part” of ∆S = 2.
Furthermore, once these constraints are satisfied, all possible deviations from MFV
in other FCNC channels are negligibly small.
4.2 Lower bounds on the heavy masses
4.2.1 Inclusion of QCD corrections
The precise knowledge of the mixing angles allows a neat determination of the
bounds to be satisfied by the heavy squark masses to obtain effective MFV. To
this end resummed QCD corrections must also be taken into account. Since there
is no other ∆S = 2 operator involving the left-handed fields dL, sL other than
Q1 = (d
α
γµPLs
α) (d
β
γµPLs
β) (4.2.1)
(with colour indices made explicit), one would think that the QCD corrections
consist in a simple rescaling of the well known anomalous dimension of Q1. This
is true for the Lagrangian L∆F=233 , with the corresponding box diagrams in leading
order only sensitive to “low” momenta (of the order of the masses of the lighter
squarks and of the gluino) and for L∆F=212 , generated by box diagrams sensitive
only to “high” momenta (of the order of the masses of the heavier squarks). This
is however not the case of L∆F=212,3 with the corresponding box diagrams sensitive,
already in leading order, to all momenta between the low and the high scale3.
Let us deal for simplicity only with the gluino box diagrams which give, in
most of the parameter space, the dominant contribution. The new ingredient
that is required to deal with the heavy-light exchange in L∆F=212,3 is the mixing
between the ∆S = 2 operator (4.2.1) and the ∆S = 1 operators with two gluino
external legs, for which a possible basis is
Qg1 = δ
abδβα(d
β
PRg˜
b)(g˜aPLs
α)
Qg2 = d
bactcβα(d
β
PRg˜
b)(g˜aPLs
α)
Qg3 = if
bactcβα(d
β
PRg˜
b)(g˜aPLs
α) .
3 The calculation of the QCD corrections to the ∆S = 2 effective Lagrangian has in fact
already been considered in [121, 139, 140] in the context of a hierarchical spectrum, but the
special problem presented by L∆F=212,3 was missed.
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The appropriate effective Lagrangian to work with is
Leff = C1Q1 + ΣiCgi Qgi (4.2.2)
It is convenient to define the scale-dependent 4-component vector
CT = (C1, Cˆ
T
g ); Cˆ
T
g = (C
g
1 , C
g
2 , C
g
3 ) (4.2.3)
satisfying an appropriate initial condition at µ = mh, a mean heavy squark mass,
and a Renormalization Group Equation (RGE)
dC
d log µ
= ΓTC. (4.2.4)
The 4 × 4 matrix of anomalous dimensions, Γ, receives contributions both from
standard gluon exchanges as from flavour-changing light-squark exchanges. Its
explicit expression for a generic SU(N) of colour is
Γ =
αs
2pi
(
γ1 ξ
ds
3 γˆ1g
ξds3 γˆ
T
g1 γˆgg
)
,
where γ1 = 3
N−1
N
is the standard anomalous dimension of Q1 and:
γˆg1 =
(
N2 − 1
4N
,
N2 − 4
8N
N − 1
N
,
N − 1
8
)
(4.2.5)
γˆgg =
 n`4 0 −60 −3N
2
+ n`
4
−3N
2
+ 6
N−3 −3N
2
−3
2
N + n`
4
 , (4.2.6)
where n` is the number of light squarks (t˜L , t˜R , b˜L, i.e. n` = 3 in our context).
We are interested in the expression for C1(m`) at the light scale, with m` ≈
mg˜ ≈ mQ˜3 , up to first order in ξds3 (which makes γˆ1g irrelevant). To this end one
has first to evolve the Cˆg to the scale µ, which is readily done by diagonalizing
the 3×3 matrix γˆgg, via γˆTgg = AγˆDggA−1. In terms of A and of the diagonal matrix
γˆDgg, one has
Cˆg(µ) = A
(
αs(µ)
αs(mh)
)γˆDgg/b0
A−1Cˆg(mh), (4.2.7)
where b0/2pi is the first coefficient of the beta-function for αs.
The RGE for C1 now has the form
dC1
d log µ
=
αs
2pi
(
γ1C1 + ξ
ds
3 γˆg1Cˆg
)
, (4.2.8)
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where the last term on the right-hand-side, upon insertion of (4.2.7), is a known
function of µ. By standard techniques one has therefore
C1(m`) =
(
αs(m`)
αs(mh)
)γ1/b0
C1(mh) + ξ
ds
3 γˆg1ABDA
−1Cˆg(mh) , (4.2.9)
with the matrix elements of the diagonal matrix BD given by
(BD)kk =
1
γk − γ1
[(
αs(m`)
αs(mh)
)γk/b0
−
(
αs(m`)
αs(mh)
)γ1/b0]
, γk = (γˆ
D
gg)kk. (4.2.10)
The first term on the right-hand-side of (4.2.9) corresponds to the standard
rescaling of Q1, whereas the second term, proportional to ξ
ds
3 is the QCD cor-
rected contribution appearing at lowest order in L∆F=212,3 . Indeed by expand-
ing the second term in αs one recovers the lowest order coefficient of the form
ξds2 ξ
ds
3 (α
2
s/m
2
h) logmh/m`.
4.2.2 Mass bounds
We are in the position to determine the lower bound that have to be satisfied
by the heavy squark masses in order to give rise to effective MFV in the sense
discussed in Section 3. For simplicity we take
mu˜R1 ≈ mQ˜L1 ≡ m1, mu˜R2 ≈ mQ˜L2 ≡ m2 (4.2.11)
The full expressions of the functions fj,k entering in (4.1.13) can be found in the
literature [141, 142]. To allow an analytic control of the final results we describe
the two limiting cases:
• Quasi Degenerate: δ ≡ 2(m21 − m22)/(m21 + m22) sufficiently small that an
expansion in δ can be made (and m21 +m
2
2 ≡ 2m2h)
• Non Degenerate: m1 >> m2 (or, equivalently, viceversa).
We also take all the masses of the light particles comparable to each other and to
the mass m`, i.e.
mg˜ ≈ mt˜L ≈ mt˜R ≈ mb˜L ≈ mχ± ≈ mχ0 ≈ m`. (4.2.12)
From the lowest order box diagrams one obtains
L∆S=212 = S12Q1 + h.c. (4.2.13)
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where, for the two limiting cases (the indices s, d on ξ2,3 omitted in this Section
for brevity):
SQD12 = ξ
2
2
δ2
m2h
[
α2s
11
108
+
α2w
72
(
12R2 + 8 αs
αw
R+ 3
)]
, (4.2.14)
SND12 =
ξ22
m22
[
11
36
α2s +
α2w
24
(
3 + 8
αs
αw
R+ 12R2
)]
, R = 1
cos2 θW
(
1
4
− 2
9
sin2 θW
)
(4.2.15)
Similarly, for the heavy-light exchange at lowest order one has
L∆S=212,3 = S12,3Q1 + h.c. (4.2.16)
where
SQD12,3 = ξ2ξ3
δ
m2h
[
α2s
(
−35
18
+
11
18
log
m2h
m2`
)
+α2w
(
1
4
+
(
1
4
+
2
3
αs
αw
R+R2
)(
−4 + log m
2
h
m2`
))]
(4.2.17)
SND12,3 = ξ2ξ3
1
m22
[
α2s
(
−37
36
+
11
18
log
m22
m2`
)
+α2w
(
1
4
+
(
1
4
+
2
3
αs
αw
R+R2
)(
−5
2
+ log
m22
m2`
))]
(4.2.18)
Both in the QD as in the ND cases we are neglecting terms vanishing as m2`/m
2
h.
From the above equations, using the results of the previous Section, the α2s
terms in L∆S=212 + L∆S=212,3 can be corrected to include the resummed higher-order
QCD effects by computing C1(m`). The relevant initial conditions at the heavy
scale, to be used in (4.2.9), are:
• For the Quasi Degenerate case:
C1 =
α2s
m2h
(
ξ22
11
108
δ2 − ξ2ξ3 35
18
δ
)
; CˆTg = −4piαsξ2
δ
m2h
(
1
3
, 1, 1
)
(4.2.19)
• For the Non Degenerate case:
C1 =
α2s
m22
(
ξ22
11
36
− ξ2ξ3 37
36
)
; CˆTg = −4piαsξ2
1
m22
(
1
3
, 1, 1
)
(4.2.20)
C1(m`) can then be evolved down to the GeV scale in a standard way, prop-
erly accounting for the different thresholds one encounters in the beta-function
coefficient.
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Figure 4.1: Lower bounds on m2 as a function of the ratio r = m1/m2 to obtain
effective MFV. For a given light mass, m` = 300, 500, 700 GeV, the allowed region is
above the corresponding line, from L∆S=212,3 , and in any case above the “hh” line, from
L∆S=212 , which is m` independent. Figure taken from [4].
To determine finally the lower limits on the heavy squark masses that give rise
to effective MFV in the FCNC amplitudes we use the following bounds, quoted
in [26] and refered to the parametrization
L∆S=2 = ±
(
1
Λ2Re
+
i
Λ2Im
)
Q1 + h.c., (4.2.21)
with the standard definition of the phases of the quarks s and d:
• ΛRe > 9.8 · 102 TeV, relevant to L∆S=212 , which depends on the two heavy
masses, m1 an m2;
• ΛIm > 1.6 · 104 TeV, relevant to L∆S=212,3 , which depends on the two heavy
masses, m1 an m2 and on the light mass m`.
The lower limits implied by these bounds on m2 are shown in Fig. 4.1 as function
of the ratio, r = m1/m2, from r = 1.2 to r = 2. Given our hypotheses we would
not be able to defend a too near degeneracy of the two heavy masses. For values of
r higher than 2 all the curves rapidly flatten out since the heavier mass decouples.
The bound from L∆S=212,3 is shown for three different values of m`. For any given
value of m` what determines the bound on m2 is the strongest between the one
derived from the heavy - heavy exchange (from L∆S=212 and denoted “hh” in the
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figure) and that arising from L∆S=212,3 . The near equality between ξ2 and ξ1 implies
that the bounds shown in this figure would be almost identical if the ratio between
m1 and m2, the masses of the first two generations of squarks, were reversed. As
seen from Fig.4.1, in most cases the bound is dominated by the limit on L∆S=212,3
from ΛIm in (4.2.21), which makes the QCD corrections computed in the previous
Section particularly relevant.
The precision of this bound can be further improved with the inclusion of QCD
corrections also to terms in (4.2.13-4.2.18) containing the electroweak couplings.
This is what done in [5], and the result is that in this case the corrections are of
the order of few percent and thus practically irrelevant for our purposes.
4.2.3 Less restrictive symmetry breaking patterns
As mentioned in Section 1, it is of interest to consider also the case in which the
symmetry (4.1.1) is lowered to (4.1.2) or (4.1.3). In this case it is no longer true
that the unitary matrix U that diagonalizes Yd on the right can be transformed
away without affecting the various interactions. On the contrary, in the physical
basis for the various particles, the flavour changing Lagrangian in (4.1.12) receives
the extra contribution
∆LFC = −
√
2
g′
3
d˜∗R U B˜ dR +
√
2 g3 d˜
∗
R λ
b U g˜b dR + h.c. (4.2.22)
with a serious loss of predictive power since U is unknown. We nevertheless
present an estimate of the dominant effects, always in the form of lower bounds
on the masses of the heavy squarks in order to maintain effective MFV. To this
end we define ηαβj = UjαU
∗
jβ and, at least as a normalization, we consider
ηαβj = ξ
αβ
j e
iφαβj (4.2.23)
where φαβj are arbitrary phases. Furthermore we do not assume any special de-
generacy among the squark mass parameters that respect (4.1.2) or (4.1.3).
Under these assumptions the largely dominant contribution to the FCNC am-
plitudes arises again in the CP violating ∆S = 2 channel. Due to the much larger
hadronic matrix elements of the left right operators
Q4,5 = (d¯RsL)(d¯LsR) (4.2.24)
(with two possible contractions of the colour indices), by similar arguments to the
ones used in Section 3 one easily sees that the most important effects are:
• For the symmetry (4.1.2)
∆L∆S=2,LR123 = ξ2η3(g23 − g21 − g13 + g11)Q4,5 (4.2.25)
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• For the symmetry (4.1.3)
∆L∆S=2,LR12 = ξ2η2(g22 − g21 − g12 + g11)Q4,5 (4.2.26)
with the functions gij, not symmetric in i, j, dependent upon left and right down
squark masses. For all the heavy down squark masses of typical size mh, it is
∆L∆S=2,LR(123,12) ≈ (ξ2η3, ξ2η2)
α2s
m2h
Q4,5 (4.2.27)
up to dimensionless coefficients of order unity, sensitive to the ratios of the squark
masses. If one uses (4.2.27) for Q4, in a standard notation, and one scales down
its coefficient by its diagonal anomalous dimension, ignoring mixing with Q5, one
obtains the lower bounds:
• For the symmetry (4.1.2)
mh & 450 TeV
(∣∣∣∣η3ξ3
∣∣∣∣ sinφ3)1/2 (4.2.28)
• For the symmetry (4.1.3)
mh & 104 TeV
(∣∣∣∣η2ξ2
∣∣∣∣ sinφ2)1/2 (4.2.29)
Once again, without deviations from the assumptions made on the various pa-
rameters (or special relations among them), these bounds imply effective MFV in
all other FCNC amplitudes to high precision.
4.3 Consequences on the EDMs and ∆B = 1
The usual MFV principle with U(3)3 symmetry evades the SUSY Flavour prob-
lem, but it does not by itself provide a solution to the SUSY CP problem [137]:
flavour blind (FB) phases, such as the phase of the µ term, the gaugino masses
and the trilinear couplings in the MSSM, are not forbidden and, unless strongly
suppressed, would violate bounds set by the non-observation of the Electric Dipole
Moments (EDMs) of the electron or neutron. Let us enter in some detail and see
how the ‘Effective MFV’ framework described above provides a solution also to
this problem, thanks to the hierarchical sfermion spectrum. We will show that,
with the one-loop contributions to EDMs suppressed by first-generation squark
masses, the most interesting signatures of these FB phases are expected to arise
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in EDMs, from two loop effects, as well as in b → s transitions, sensitive to the
exchange of the third generation of squarks only. This is in particular true for
moderate values of tan β, to which we have stick since we view the down-type
Yukawa couplings as a perturbation relative to the up-type ones.
To complete the discussion of Section 4.1.1 for our purposes, we notice that
the flavour symmetry (4.1.1) forbids the A terms for the down-type squarks, but
only requires the up-type trilinears to be diagonal in the basis where the up-
type Yukawas are diagonal, with no restriction on their size or phases. This is in
contrast to the MFV case, where the first two generation A terms are proportional
to the first two generation Yukawas. However, this will not play an important role
in the following, since the heaviness of the first two generation squarks implies
that left-right mixing is always a small effect, except for the stop. The A terms
of the down-type squarks, on the other hand, have the MFV form
AD = aDYd +O(Y
3
d ) , (4.3.1)
with aD in general complex. Since all down-type squarks with the exception of
the left-handed sbottom are heavy and since tan β is small, down-type trilinears
will also be negligible for phenomenology. We can therefore restrict our discussion
of trilinear couplings to the stop trilinear At in the following
4.
Let us then consider which physical CP-violating phases are present in this
framework. For simplicity we assume for the time being that the gaugino masses
are universal, or at least have a common phase, at some scale (we will see later
that relaxing this assumption does not change the final conclusions). Then, by
appropriate field redefinitions, one can choose the soft SUSY breaking b term and
the gaugino masses to be real. The remaining irreducible phases then reside in the
µ term, φµ, in the aD parameter of (4.3.1) as well as in the three up-squark trilinear
couplings Au,c,t. As discussed above, the only phenomenologically relevant phases
will be the ones of µ and At, since the others are always accompanied by a heavy
sfermion mass suppression.
4.3.1 Electric Dipole Moments
The non-observation of electric dipole moments of fundamental fermions is one of
the strongest constraints on CP violation in the MSSM. Experimentally, the most
constraining EDMs are currently the ones of the Thallium and Mercury atoms
and of the neutron. The Thallium EDM is dominated by the electron EDM and
is approximately given by
dTl = −585 de , (4.3.2)
4We do not factor out the top Yukawa from At and choose a convention where the left-right
mixing entry of the stop mass matrix is given by vu√
2
(At − µ∗yt cotβ).
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Figure 4.2: Dominant one-loop contribution to the down-quark and electron EDMs.
The photon can be attached anywhere along the chargino line. Taken from [6].
leading to the experimental 90% C.L. upper bound [153]
|de| < 1.6× 10−27 e cm . (4.3.3)
The neutron EDM, on the other hand, receives contributions from the electric
and chromoelectric dipole moments (CEDMs) of the up and down quarks. For
the case of the neutron EDM one can use QCD sum rules [154] to get:
dn = (1± 0.5)
[ 〈qq〉
(225 MeV)3
](
1.4(dd − 1
4
du) + 1.1e(d˜
C
d +
1
2
d˜Cu )
)
, (4.3.4)
where d˜C are the CEDMs, and chiral theory to write:
〈qq〉 = f
2
pim
2
pi0
mu +md
. (4.3.5)
The current experimental upper bound at the 90% confidence level is [155]
|dn| < 2.9× 10−26 e cm . (4.3.6)
The Mercury EDM is sensitive to the electron EDM and the quark CEDMs. In our
framework it turns out that, also in view of considerable hadronic uncertainties
[156], it is not competitive with the other two constraints, so we focus on dn and
de from now on.
One loop EDMs: The one-loop contributions to the quark (C)EDMs are
always suppressed by the heavy masses since the contributions involving only the
third generation are suppressed by a factor of |Vtd|2/|Vud|2 ≈ 8 × 10−5, which is
significantly smaller than the generational suppression m2`/m
2
h for the range of
parameters we consider5. Indeed, the only diagram which is suppressed only by
two powers of the ratio m`/mh is the Higgsino-Wino contribution to the electron
5As in the previous sections, mh denotes the scale of the heavy sfermions, while m` is the
scale of the light sfermions, Higgses and fermionic sparticles.
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and the down quark EDM shown in figure 4.2, with the photon attached to the
Higgsino-Wino line even in the case of the d-quark. An analogous contribution
exists for the up quark, but there the factor tan β has to be replaced by cot β. In
addition, the up-quark EDM enters the neutron EDM with a factor of 1/4 with
respect to the down quark as shown in (4.3.4). Therefore, de and dd are more
constraining.
Neglecting terms of order higher than 2 in the ratio m`/mh, the contribution
to de and dd from the diagram in figure 4.2 is
d1,H˜W˜e,d
e
=
α
4pi sin2 θW
me,d tan β
m2ν˜L,u˜L
sin (φµ)f1
( |M2|
|µ|
)
, (4.3.7)
where
f1(x) =
2x lnx
x2 − 1 . (4.3.8)
For the case of the electron EDM, with |µ| = |M2| the experimental limit (4.3.3)
is satisfied for
mν˜ > 4.0 TeV × (sinφµ tan β) 12 . (4.3.9)
For the case of the neutron EDM, care must be taken to account properly for
the QCD running effects from the scale of the heavy squark exchanged in fig. 4.2
down to 1 GeV where the various quark terms in (4.3.4) are understood. To this
end two considerations hold:
• At the high scale mh, integrating out the heavy u˜ one does not generate an
EDM since the quarks can still be considered massless, but one generates
the operators (including the coefficients at mh):
∆L = gyd|mh
m2u˜
[
1
2
(dLdR)(H˜dLW˜ ) +
1
8
(dLσ
µνdR)(H˜dLσµνW˜ )
]
. (4.3.10)
Below mh these operators do not mix and the second operator in the r.h.s.
of (4.3.10) (the only one that contributes at the weak scale where v appears
and one integrates out W˜ and H˜d to generate the EDM) runs with the same
anomalous dimension of the EDM operator itself, γEDM = 8/3(αS/4pi) [157].
• From (4.3.4) and (4.3.5), the best way to estimate the neutron EDM is to
consider the running of dq/mq with anomalous dimension γ = 32/3(αS/4pi)
and use mu/md = 0.553± 0.043.
To include QCD running effects, therefore, the proper factor that multiplies
d1,H˜W˜d /md in (4.3.7) before its inclusion in (4.3.4) is
ηQCD =
(
αs(mu˜)
αs(m`)
) 32/3
2(9/2)
(
αs(m`)
αs(mt)
) 32/3
2(7)
(
αs(mt)
αs(mb)
) 32/3
2(23/3)
(
αs(mb)
αs(1 GeV)
) 32/3
2(25/3)
,
(4.3.11)
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where m` is the common mass of all the “light” s-particles and the different
thresholds are taken into account in the β-function for αs. From (4.3.6) and
the central value of (4.3.4) one gets the bound
mu˜ > 2.7 TeV × (sinφµ tan β) 12 (4.3.12)
or, more conservatively, mu˜ > 1.9 TeV (sinφµ tan β)
1
2 , if one uses the weaker
constraint.
Notice that one needs only a moderate hierarchy in order to satisfy the bounds
(4.3.9) and (4.3.12), together with the bounds in Figure 4.1 with m` not too
small. These bounds are actually basically compatible with the 10% finetuning
bounds in equations (17) of [41], with matter in the (10) and (5) representations
of SU(5) with initial conditions at the GUT scale mQ˜ = mu˜ = me˜ = m10 and
md˜ = mL˜ = m5. This means that, with the Flavour structure we are considering,
it is possible to naturally have enough hierarchy to solve the SUSY Flavour and
CP problems even without increasing the lightest Higgs boson mass at tree level,
as considered in the previous Chapters.
As anticipated, for the moderate values of tan β we consider, these constraints
allow an arbitrarily large phase of the µ term for first generation sfermion masses
which are perfectly natural in the framework described in [3]. This is at variance
with the standard MFV case, where several one loop diagrams contribute to the
EDMs and, taking all the s-particle masses at m˜ and a universal trilinear coupling
Aq = a0Yq, the following bounds have to be satisfied:
• From the electron EDM
sinφµ tan β < 7× 10−2
(
m˜
500 GeV
)2
. (4.3.13)
• From the neutron EDM (central value)
sinφa0 < 2× 10−1
(
m˜
500 GeV
)2(
m˜
|a0|
)
. (4.3.14)
In fact, the bounds on sinφµ and sinφa0 are even up to an order of magnitude
stronger in big parts of the MFV parameter space than the bounds quoted in
eqs. (4.3.13) and (4.3.14), which are affected by accidental cancellations occuring
in the case of degenerate s-particles at m˜.
Two loop EDMs: Due to the strong suppression of the one loop EDMs, the
two loop contributions come into play. Indeed, at two loop level there are Barr-
Zee type diagrams not involving any of the first two generation squarks [158–162],
such that the additional loop suppression can be compensated by the absence of
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Figure 4.3: Two-loop Barr-Zee type diagrams contributing to the electron EDM. The
photon can be attached anywhere along the loop. Taken from [6].
the mass suppression. Some of these contributions are shown in figure 4.3 for
the case of the electron EDM. As a matter of fact all the diagrams missing from
figure 4.3 are suppressed by a relative factor 1/ tan2 β.6. Analogous diagrams exist
for the up and down quarks. However, the current experimental situation makes
the Barr-Zee contribution to de by far the most constraining one.
Assuming the stop and chargino masses to be degenerate at m`, and taking H
0,
A0, H± all at a common mass mA, these two loop contributions to de are shown
in figures 4.4a)–d) for maximal, independent values of sin (φµ) and sin (φAt) and
tan β = 2, 5. Such contributions are irreducible in the sense that they do not
decouple with the first two generation squark masses. However, it is interesting
that, for O(1) phases and natural values of all the relevant parameters, the predic-
tion for de is in the ballpark of the current experimental bound, eq. (4.3.3). We
thus conclude that large flavour blind phases are allowed in EMFV, but predict
an electron EDM in the reach of future experiments.
4.3.2 CP asymmetries in B physics
In addition to generating EDMs, the flavour blind phases also generate CP asym-
metries in B physics. Remarkably, these contributions are unsuppressed by the
heavy generations in B physics, which involves the third generation. The most
relevant effects in EMFV are generated through contributions to the magnetic
and chromomagnetic penguin operators in the b→ s effective Hamiltonian
Heff = −4GF√
2
VtbV
∗
ts (C7O7 + C8O8) , (4.3.15)
O7 = e
16pi2
mb(s¯σµνPRb)F
µν , O8 = g3
16pi2
mb(s¯σµνT
aPRb)G
µν a. (4.3.16)
6These very same diagrams are the ones that contribute in split supersymmetry where only
one Higgs doublet survives in the spectrum at the Fermi scale [159].
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Figure 4.4: Prediction for the electron EDM in units of 10−27 e cm in terms of the
common stop and chargino mass m` and the common mass mA of H
0, A0, H± in a
scenario with sin (φAt) = 1 (diagrams a and b) or sin (φµ) = 1 (diagrams c and d)
for tanβ = 2 (a and c) and tanβ = 5 (b and d). The thick blue line in the lower
plots corresponds to the 90% C.L. experimental upper bound, with the area left of it
excluded. Figure taken from [6].
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Figure 4.5: Main contributions to C7 and C8. Taken from [6].
∆B = 2 processes, on the other hand, are only weakly affected. In partic-
ular, a sizable phase in Bs mixing, probed in the mixing-induced CP asymme-
try in Bs → J/ψφ and in the like-sign dimuon charge asymmetry and currently
favoured by the data [163], cannot be accommodated. As already mentioned, the
only relevant effect in ∆F = 2 transitions can occur in K . Before discussing the
observables sensitive to the (chromo)magnetic operators, let us discuss the indi-
vidual contributions to the Wilson coefficients C7 and C8 generated in the EMFV
framework.
Contributions to the magnetic and chromomagnetic operators: In the
MSSM, the one-loop contributions to C7 and C8 stem from charged Higgs/top,
neutralino/down squark, chargino/up squark and gluino/down squark loops. In
our framework, the neutralino contributions are subleading. The dominant effects
are therefore generated by diagrams involving a charged Higgs, gluino or chargino
and no sfermions besides the stops and left-handed sbottom. The charged Higgs
contribution shown in figure 4.5a) is given by
CH
±
7,8 = f7,8
(
m2H±
m2t
)
, (4.3.17)
where f7(1) = − 736 and f8(1) = −16 , and is independent of tan β. The only gluino
diagram not suppressed by a heavy mass is the one in figure 4.5b). Assuming
the gluino and left-handed sbottom masses to be degenerate at m`, it gives a
contribution
4GF√
2
C g˜7,8 = −
8
3
g2s
m2`
{
1
144
,
5
144
}
. (4.3.18)
The gluino contribution to C7 is thus usually negligible with respect to the charged
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Observable SM prediction Experiment Future sensitivity
BR(B → Xsγ) (3.15± 0.23)× 10−4 (3.52± 0.25)× 10−4 ±0.15× 10−4
ACP(b→ sγ)
(
0.44+0.24−0.14
)
% [164] (−1.2± 2.8)% ±0.5%
SφKS 0.68± 0.04 [165,166] 0.56+0.16−0.18 ±0.02
Sη′KS 0.66± 0.03 [165,166] 0.59± 0.07 ±0.01
〈A7〉 (3.4± 0.5)× 10−3 [167] – ?
〈A8〉 (−2.6± 0.4)× 10−3 [167] – ?
Table 4.1: SM predictions, current experimental world averages [168] and experimental
sensitivity at planned experiments [169,170] for the B physics observables. Table taken
from [6].
Higgs contribution due to the small loop function, while the contribution to C8
can become relevant. The chargino diagrams in figures 4.5c) and d) both involve a
factor of tan β and become competitive with the charged Higgs contribution even
for tan β as low as 5. Assuming the stop and chargino masses to be degenerate at
m`, the Higgsino diagram in figure 4.5c) can be approximately written as
4GF√
2
CH˜7,8 = −yt
µAt
m4`
tan β
{
5
72
,
1
24
}
, (4.3.19)
while the diagram with Higgsino-Wino mixing in figure 4.5d) reads approximately
CH˜W˜7,8 = 2m
2
W
µM2
m4`
tan β
{
11
72
,
1
24
}
. (4.3.20)
While the charged Higgs and gluino contributions are real7, both chargino dia-
grams contain irreducible CP violating phases. We thus see that C7 and C8 can
be significantly modified with respect to their SM values and they can acquire
sizable phases, irrespective of the masses of the first two generation sfermions.
Observables: Let us now turn to the discussion of the observables sensitive
to NP effects in the Wilson coefficients of the magnetic and chromomagnetic
operators. They are the branching ratio of B → Xsγ, the CP asymmetries in
B → Xsγ and B → K∗µ+µ−, as well as the time-dependent CP asymmetries
in B → φKS and B → η′KS. Whereas B → K∗µ+µ− will be measured at
7In the case of large tanβ, non-holomorphic corrections to the Yukawa couplings become
relevant which can introduce phases in the charged Higgs contribution. Since we consider only
low tanβ, we can neglect these corrections.
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the LHCb experiment, the other observables require the clean environment of
an e+e− machine and are going to be measured at the planned super flavour
factories Belle II and SuperB. The current theoretical and experimental status
and projected sensitivities are collected in table 4.1.
For a complete account and description of the various relevant observables we
refer to [6]. Here instead we will focus on the example of the time-dependent CP
asymmetries in B → φKS and B → η′KS. The asymmetries in these decays can
be written as:
Γ(B → f)− Γ(B¯ → f)
Γ(B → f) + Γ(B¯ → f) = Sf sin(∆Mt)− Cf cos(∆Mt) . (4.3.21)
Denoting by Af (A¯f ) the B → f (B¯ → f) decay amplitude, Sf and Cf can be
written as:
Sf =
2Im(λf )
1 + |λf |2 , Cf =
1− |λf |2
1 + |λf |2 , with λf = e
−2i(β+φBd )(A¯f/Af ) . (4.3.22)
In the SM, the mixing-induced CP asymmetries SφKS and Sη′KS are predicted
to be very close to sin 2β, measured from the tree-level decay B → J/ψKS. In
the presence of NP, there can either be a new contribution to the Bd mixing
phase, affecting both Sφ,η′KS and SψKS , or a new loop contribution to the decay
amplitude, affecting to a good approximation only Sφ,η′KS . In the EMFV case,
the new physics contribution φd to the Bd mixing phase is very small and Sf is
modified only through the modification of the decay amplitude. The dominant
NP contribution to the decay amplitude comes from C8. Then, it can be written
as [165,171]:
Af = A
c
f
[
1 + aufe
iγ +
(
bcf8 + b
u
f8e
iγ
)
CNP∗8
]
, (4.3.23)
where the Wilson coefficient is to be evaluated at the scale MW . The af and bf
parameters can be found e.g. in [165].
Since the deviations of SφKS and Sη′KS from their SM values depend only
on the Wilson coefficient C8, there is a perfect correlation between them, shown
in figure 4.6 together with the 1σ experimental bounds. The experimental data
for both asymmetries have moved towards the SM value recently and are now
compatible with SM at the 1σ level. Still, there clearly is room for NP, as shown
in figure 4.6, and the asymmetries will be measured much more precisely in the
future.
4.3.3 Numerical analysis
In order to see whether there can be sizable effects in B physics or not, we perform
a scan of the relevant parameter space. To do this, we vary the MSSM parameters
at low energies focusing on two benchmark cases:
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Figure 4.6: Correlation between SφKS and Sη′KS in models where NP enters only
through C8. The solid line corresponds to Re(C
NP
8 ) = 0, the dashed lines to Re(C
NP
8 ) =
±Re(CSM8 ). The red point denotes the SM prediction. The gray areas correspond to
the 1σ experimental bounds reported in table 4.1. Figure taken from [6].
i. An arbitrary phase for the µ term, but trilinear terms set to zero;
ii. A real µ term, but an arbitrary phase in the (nonzero) stop trilinear coupling.
We stress again that case ii. is equivalent to allowing arbitrary complex trilinears
for all the sfermions, since the contributions to the observables decouple for all
sfermions except the stop. In both scenarios, we scan the MSSM parameters
independently in the following ranges
mq˜3 ,mu˜3 ,M1,M2,M3, |µ|,mA ∈ [200, 700] GeV, (4.3.24)
mq˜1 ,mq˜2 ,mu˜1 ,mq˜2 ,md˜,m˜`,me˜ ∈ [10, 25] TeV, (4.3.25)
tan β ∈ [2, 5] . (4.3.26)
In case i., we scan φµ from 0 to 2pi and set At = 0; in case ii., we choose positive
µ and
|At|
mq˜3
∈ [−3, 3] , At = |At|eiφAt , φAt ∈ [0, 2pi] . (4.3.27)
We discard points violating sparticle mass bounds (in particular, the lightest
stop mass is required to be above 95.7 GeV [31], which is relevant in scenario ii.)
and are in disagreement with BR(B → Xsγ) or K at more than 2σ. We calculate
all the relevant quantities performing the full diagonalization of sparticle mass
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Figure 4.7: Correlation between the electron EDM and the mixing-induced CP asym-
metry in B → η′KS in the two scenarios with a complex µ term (left) or complex At
term (right). The gray areas indicate the 90% C.L. upper bound in the case of de and
the experimental 1σ range in the case of Sη′KS . In the left-hand plot, the orange points
have | sinφµ| < 0.2. Figure taken from [6].
matrices, i.e. we are not making use of the mass insertion approximation employed
in sections 4.3.1 and 4.3.2 to display the main dependence on SUSY parameters.
We use a modified version of the SUSY FLAVOR code [172] to cross-check part of
our results.
We now turn to the numerical analysis of the effects in EDMs and B physics.
In figure 4.7, we show the correlation between the electron EDM, arising mostly
from the two-loop Barr-Zee contributions, and the mixing induced CP asymme-
try in B → η′KS in the two scenarios. The 90% C.L. upper bound on de, cf.
(4.3.3), as well as the 1σ experimental range for Sη′KS are shown as gray areas.
In scenario i., where µ is complex, de constitutes a significant constraint on the
parameter space. Note that (4.3.24) scans the lower left corner of all the figures
4.4. As a consequence, Sη′KS deviates from its SM prediction by at most ±0.05,
which might be visible at super flavour factories, but would require a better con-
trol of the SM theory uncertainties. The orange points in the left-hand plot of
figure 4.7 show those points which have | sinφµ| < 0.2. This demonstrates that
a mild condition on the size of φµ is enough to always fulfill the EDM bounds;
however, the resulting effects in B physics are even smaller. In scenario ii., with
a real µ term and complex trilinears, on the other hand, much larger effects in
Sη′KS are compatible with de such that the current data on Sη′KS already exclude
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part of the parameter space, even imposing them only at the 2σ level.
We do not show the corresponding effects in SφKS , but they can be easily read
off from the correlations in Figure 4.6. Moreover the same trend characterizes the
other relevant observables (for this we refer again to [6]).
After discussing the results for the two benchmark cases, let us comment on
the more general case of phases present in both µ and (µAt). In that case, the
correlations among the B physics observables will be similar to the ones in sce-
nario ii. since we showed that sizable effects in B physics are only obtained in the
presence of complex trilinear couplings. The correlation between de and the B
asymmetries, on the other hand, will change due to possible cancellations. For
example, in the general case it is possible to have SM-like Sη′KS even for very
large values of de.
Let us also comment on phases of gaugino masses, which have not been dis-
cussed so far. As discussed in above, it is always possible, by appropriate field
redefinitions, to choose a basis where the b term and one of the gaugino masses
is real. We choose this to be the Wino mass M2. Concerning the gluino mass
parameter M3, in the decoupling limit of the heavy squarks, there is no one-
or two-loop contribution to the EDMs involving the gluino, and the only gluino
contribution to C7 and C8 not suppressed by the heavy masses is real, as shown
in section 4.3.2. Thus, the phase of M3 is irrelevant. The phase of M1, on the
other hand, enters via neutralino contributions to the electron EDM and to C7,8.
However, the neutralino contributions are in general subleading with respect to
the chargino ones and do not lead to qualitatively new effects. We thus conclude
that the numerical results are valid even for the most general case of non-universal
gaugino masses.
Finally, we wish to mention that the signals and correlations in flavour physics
arising in scenario ii. are very similiar to the effects in the MFV MSSM with a
complex At term and a real µ term [152,173]. In the latter case however, one needs
to assume real first generation A terms, which can be spoiled by RG effects [174].
Of course, the two setups are easily distinguishable on the basis of their different
spectrum.
4.4 Concluding remarks
The idea that the squarks with only a small coupling to the Higgs system, i.e. the
first two generations and perhaps the right handed sbottom as well, be significantly
heavier than the other ones, the two stops and the left handed sbottom, has
received a lot of attention for different reasons. A particular motivation has been
seen in the context of the SUSY Flavour problem, as of the SUSY CP problem.
It is also well known, however, that solving these problems by purely raising the
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masses of the first two generations of squarks without further specific assumptions
requires values for these masses far beyond any reasonable naturalness limit, as
discussed in the previous Chapter and explicitly shown in Section 4.2.3. The
progress of the last decade in testing the flavour structure of the SM strengthens
the motivations to reconsider this subject.
This same experimental progress has brought the focus on the so called MFV.
While it is clear that MFV is far from being a theory of flavour, it may nevertheless
contain an element of physical reality in as much as it rests on a postulated pattern
of flavour symmetry breaking. In the context of supersymmetry, the example of
U(3)Q×U(3)uR×U(3)dR only broken in a suitable way by Yu and Yd certainly offers
a possible way to address the Flavour problem. At the same time it is clear that
U(3)Q ×U(3)uR ×U(3)dR is not compatible with hierarchical sfermions. We have
shown that effective MFV can also be made compatible with hierarchical sfermions
as long as the relevant flavour symmetry is U(1)B˜1 × U(1)B˜2 × U(1)B˜3 × U(3)dR ,
only suitably broken by the small Yd couplings. This is the case if the heavy
squark masses satisfy a definite lower bound, that we have quantified in a precise
way, as summarized in Fig.4.1. This bound is dominated by the limit on L∆S=212,3
from ΛIm in (4.2.21), which makes the QCD corrections computed in Section 4.2.1
particularly relevant.
We also analyzed CP violation and showed that all the phases allowed by the
flavour symmetry, in particular the phase of the µ term, the gaugino masses and
the trilinear couplings, can be sizable without violating the EDM constraints. We
performed a numerical analysis of two benchmark scenarios, i. with a complex
µ term and vanishing trilinear couplings and ii. with a real µ term and sizable
complex trilinears. In both cases, two-loop contributions to the EDMs indepen-
dent of the first two generation sfermion masses lead to an electron EDM which
is in the ballpark of the current experimental upper bound. In addition, effects
are generated in CP asymmetries in B physics to be scrutinized by forthcoming
experiments: we discussed here the mixing-induced CP asymmetries in B → φKS
and B → η′KS, but there are also the direct CP asymmetry in B → Xsγ and the
angular CP asymmetries A7 and A8 in B → K∗µ+µ−. In scenario i., the effects
are quite limited. In scenario ii. and in the general case of phases in µ and µAt,
the effects in B physics are sizable and could lead to interesting signatures.
While the setup analyzed in this Chapter by no means provides a theory of
flavour or CP violation, it constitutes an example of a simple solution to the SUSY
flavour and CP problems which is in accord with naturalness [3] and does lead to
visible signatures in flavour physics. Thus, it reaffirms the necessity to search for
electric dipole moments and CP violation in B physics as complementary tools to
the LHC.
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Chapter 5
U(2) and MFV in Supersymmetry
5.1 Motivation
Explaining the masses and mixings of quarks and leptons remains a fundamental
open problem in particle physics. What the last decade of experimental devel-
opments has added to this problem is the evidence that the CKM picture of the
quark flavours, as realized in the Standard Model, is fundamentally at work.
In the previous Chapters we discussed a possible way to confront with these
statements in weak-scale supersymmetry, which doubles the number of flavoured
degrees of freedom at the Fermi scale with their own masses and mixings. So far
we have considered this as a special problem, in fact with squarks in the hundreds
of GeVs the preservation of the CKM picture to a sufficient level of accuracy is non
trivial, and it is also impossible to solve the problem only through hierarchical
squarks. In this Chapter instead we will see this fact also as an opportunity,
because the deviations from a strict CKM picture that should show up at some
level might bring new key information to attack the problem of the origin of flavour
breaking at all. Also in view of the tension that emerges from the cumulative fits
of flavour physics in the strict SM, as we will see in a moment, this motivates us
to reconsider the flavour problem in supersymmetry.
A phenomenological “near-CKM” picture of flavour physics is highly suggestive
of a suitable flavour symmetry approximately operative on the entire supersym-
metric extension of the SM, whatever it may be. Among the symmetries that
have been considered, two are of interest here:
• U(3)Q × U(3)u × U(3)d, broken by spurions transforming as Yu = (3, 3¯, 1)
and Yd = (3, 1, 3¯) [27, 175,176], as already said in eq. (1.1.5);
• U(2) acting on the first two generations of quark superfields (and commuting
with the gauge group), broken by one single doublet and by one or more
rank-two tensors [113,114].
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The first case – U(3)3 for brevity – corresponds to the standard Minimal Flavour
Violation (MFV) hypothesis and can result from gauge mediation of supersym-
metry breaking. As discussed in the previous Chapter, U(3)3 can explain the lack
of flavour signals so far from s-partner exchanges, provided one take small enough
flavour-blind CP-phases to cope with the limits from the Electric Dipole Moments
(the so called supersymmetric CP-problem). This in turn hampers the possible
interpretation of the recently measured CP-asymmetries in the B-system in terms
of new physics. No attempt is made to address the “fermion mass problem”.
A step in this direction is instead taken in the second case, based on the strong
hierarchical pattern of the Yukawa couplings with only one of them, or two at most,
of order unity. In Ref.s [113,114] this pattern is assumed to result from a weakly
broken U(2) symmetry acting on the first two generations of quarks superfields
consistently with SU(3)×SU(2)×U(1) gauge invariance. U(2) can also go a long
way in explaining the absence, so far, of new flavour changing phenomena, with
the special feature, not allowed in the U(3)3 case, that the first two generations of
squarks can be significantly heavier than the third generation ones. This is crucial
to solve the supersymmetric CP problem, making compatible sizable flavour-blind
CP phases with the current limits on the Electric Dipole Moments, as we discussed
in the previous Chapter. However, a U(2) symmetry acting on both left- and
right-handed fields, does not provide in general a sufficient protection of flavour-
violating effects in the right-handed sector, which are strongly constrained by
present data.
This Chapter is organized as follows: we define the framework in Section 5.2
and we give more details about the flavour symmetry in Section 5.3, we discuss
the various phenomenological implications in Sections 5.4 and 5.5, we propose a
prototype dynamical model for this situation in Section 5.6, and we then conclude
in Section 5.7. This Chapter is mainly based on [7].
5.2 Definition of the framework
For reasons that will be clear shortly, here we consider an approximate U(2)Q ×
U(2)u × U(2)d flavour symmetry, intermediate between the two cases described
in Section 5.1, and still motivated by the pattern of quark masses and mixings.
Furthermore, in analogy with the MFV case, we assume that this U(2)3 is broken
by spurions transforming as ∆Yu = (2, 2¯, 1) and ∆Yd = (2, 1, 2¯). In fact, if
these bi-doublets were the only breaking parameters, the third generation, made
of singlets under U(2)3, would not be able to communicate with the first two
generations at all. For this to happen, one needs single doublets, at least one,
under any of the three U(2)’s. The only such doublet that can explain the natural
size of the quark masses and mixings, up to factors of order unity, transforms
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under U(2)Q × U(2)u × U(2)d as V = (2, 1, 1).
Combining the various symmetry breaking terms, as described in the following
Section 5.3, the standard 3× 3 Yukawa matrices in generation space end up with
the following form:
Yu = yt
(
∆Yu xt V
0 1
)
, Yd = yb
(
∆Yd xb V
0 1
)
, (5.2.1)
where ∆Yu and ∆Yd have been suitably rescaled, yt, yb are the third generation
Yukawa couplings and xt, xb are complex parameters of O(1). The 2× 2 matrices
∆Yu and ∆Yd and the vector V are the small symmetry breaking parameters of
U(2)Q × U(2)u × U(2)d with entries of order λ2 or smaller, with λ the sine of
the Cabibbo angle. Analogous expressions, detailed in Section 5.3.3, hold for the
three soft mass matrices m2
Q˜
,m2u˜,m
2
d˜
.
Notice that one is unavoidably led to consider this framework if the following
assumptions are made:
• The flavour symmetry must be broken weakly, i.e. the breaking terms must
be of order λ2 or smaller;
• The breaking is minimal, i.e. we consider the minimum number of indepen-
dent breaking terms giving rise to a realistic configuration;
By suitable unitary transformations one can go to the physical basis for quarks
and squarks with the consequent appearance of mixing matrices in the various
interaction terms, in particular the standard charged current interactions and the
gaugino interactions of the down quark-squarks
(u¯LγµVCKMdL)Wµ, (d¯L,RW
d
L,Rd˜L,R)g˜. (5.2.2)
As shown in Section 5.3, to a good approximation the matrices VCKM and W
d
L
have the following correlated forms
VCKM =
 1− λ2/2 λ suse−iδ−λ 1− λ2/2 cus
−sds ei(φ+δ) −scd 1
 , (5.2.3)
W dL =
 cd sde−i(δ+φ) −sdsLeiγe−i(δ+φ)−sdei(δ+φ) cd −cdsLeiγ
0 sLe
−iγ 1
 , (5.2.4)
where the phases φ and δ are related to each other and to the real and positive
parameter λ via
sucd − cusde−iφ = λeiδ , (5.2.5)
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the real parameter sL is of order λ
2, and γ is an independent CP-violating phase.
At the same time the off-diagonal entries of the matrix W dR are negligibly small.
Up to phase redefinitions, eq.s (5.2.3) and (5.2.4) were obtained in Ref. [116]
based on a U(2) symmetry. There, however, with a single U(2) not distinguishing
between left and right, a mixing matrix W dR was also present involving a new
mixing angle (sL → sR) and a new phase (γ → γR). As it will be apparent in
Section 5.4, the simultaneous presence of W dL and W
d
R would lead to a ∆S = 2
Left-Right operator, which corrects by a too large amount the CP-violating K
parameter due to its chirally enhanced matrix element.
5.3 Yukawas and CKM with U(2)3
In this Section we give some details about the construction and diagonalization
of the various matrices. The transformation properties of the quark superfields
under the U(2)Q × U(2)u × U(2)d group are:
Q ≡ (Q1, Q2) ∼ (2¯, 1, 1) , (5.3.1)
uc ≡ (uc1, uc2)T ∼ (1, 2, 1) , (5.3.2)
dc ≡ (dc1, dc2)T ∼ (1, 1, 2) , (5.3.3)
while q3, t
c, and bc (the third generation fields) are singlets. We also assume a
U(1)b symmetry under which only b
c is charged. With such assignments, the only
term allowed in the Superpotential in the limit of unbroken symmetry is
W = yt q3t
c Hu , (5.3.4)
where yt is the O(1) top Yukawa coupling.
The first step in the construction of the full Yukawas lies on the introduction
of the U(2)3-breaking spurion V , transforming as a (2,1,1). This allow us to write
the following up-type Yukawa matrix1
Yu = yt
(
0 xt V
0 1
)
. (5.3.5)
Here and in the following everything above the horizontal dashed line is subject
to the U(2)Q symmetry, while everything to the left of the vertical dashed line is
subject to the U(2)u symmetry (or the U(2)d symmetry in the down-type sector).
The parameter xt is a complex free parameter of O(1).
1 We define the 3× 3 Yukawa matrix starting from the superpotential W = qi(Yu)ijucj Hu .
This imply the following SM (non-supersymmetric) Yukawa interaction L = q¯Li(Y ∗u )ijuRj Hc
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Similarly we can write the following down-type Yukawa matrix
Yd = yb
(
0 xb V
0 1
)
, (5.3.6)
where again xb is a complex free parameter of O(1). The size of yb depends on
the ratio of the two Higgs VEV’s. If tan β = 〈Hu〉/〈Hd〉 = O(1) the smallness of
yb can be attributed to approximate U(1)’s inside and outside U(2)
3. Otherwise
we can consider as reference value tan β = 〈Hu〉/〈Hd〉 = O(10), such that yb is
small enough to avoid dangerous large tan β effects, but is much larger than the
U(2)3 breaking spurions and can be used as a natural overall normalization factor
for the down-type Yukawa coupling.
Finally, in order to build the masses and mixing of the first two generations
we introduce two additional spurions, ∆Yu and ∆Yd, transforming as (2, 2¯, 1)
and (2, 1, 2¯), respectively. Combining the various symmetry breaking terms, the
Yukawa matrices end up with the following pattern:
Yu = yt
(
∆Yu xt V
0 1
)
, Yd = yb
(
∆Yd xb V
0 1
)
, (5.3.7)
where we have absorbed O(1) couplings by redefining ∆Yu and ∆Yd.
Due to the holomorphicity of the Superpotential, in a supersymmetric frame-
work we are not be able to add term on the lower-left sector of the Yukawas. Such
terms would indeed have a structure of the type
q3
(
V †∆Yu
)
U c, q3
(
V †∆Yd
)
Dc. (5.3.8)
Beside being non-holomorphic, these terms are doubly suppressed. Although we
will not include them in the following, we have explicitly checked that their inclu-
sion do not lead to significant differences in the results presented below.
5.3.1 Explicit Parametrization
The leading spurion V can always be decomposed as
V =  UV sˆ2 , s2 =
(
0
1
)
, (5.3.9)
where UV is a 2 × 2 unitary matrix [det(U)=1] and  is a real parameter that
we require to be of O(|Vcb| ≈ 4 × 10−2). The ∆Yu and ∆Yd spurions can be
decomposed as:
∆Yu = U
†
Qu
∆Y du UU , (5.3.10)
∆Yd = U
†
Qd
∆Y dd UD, (5.3.11)
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where ∆Y du = diag(λu1, λu2), ∆Y
d
d = diag(λd1, λd2), and the U ’s are again 2 × 2
unitary matrices. By construction, the size of the λi is such that the largest entry
is |λd2| ≈ ms/mb = O().
With a suitable rotation in the U(2)3 space we can get rid of UV , UU , and UD.
In such base the Yukawa matrices assume the explicit form
Yu = yt
(
U †Qu∆Y
d
u  xtsˆ2
0 1
)
, (5.3.12)
Yd = yb
(
U †Qd∆Y
d
d  xbsˆ2
0 1
)
. (5.3.13)
We shall now address the issue of the relevant CP phases. We first note that
shifting the phases of tc and bc we can get rid of the phases in yt and yb, while
a rephasing of the components of uc and dc allows us to set the diagonal entries
in ∆Y du,d to be real. In principle, we can get rid of one of the two phases in xt or
xb. However, in order to maintain a symmetric notation for up- and down-quark
Yukawas, we keep them both complex and denote them by xfe
iφf , with xf being
real and positive (f = t, b). Without further rephasing we are also left with the
two phases in UQu,d , that we parametrize as
UQf =
(
cf sf e
iαf
−sf e−iαf cf
)
. (5.3.14)
In the following we assume that sf  1, as naturally implied by some alignment of
the ∆Yu,d spurions in the U(2)Q space with respect to the leading (2, 1, 1) breaking
term.
5.3.2 Diagonalization and CKM
The Yukawas are diagonalized by
UuLYuU
†
uR = diag(yu, yc, yt) UdLYdU
†
dR = diag(yd, ys, yb) . (5.3.15)
To a good approximation, left-handed up-type diagonalization matrix is
UuL =
(
UQu 0
0 1
)
×R23(st;φt) =
 cu su eiαu −sustei(αu+φt)−su e−iαu cuct −custeiφt
0 ste
−iφt ct
 ,
(5.3.16)
where st/ct =  xt, and similarly for the down-type sector (with su, cu → sd, cd,
xte
iφt → xbeiφb). These expressions are valid up to relative corrections of order
λu2(λd2) to the 1-2 and 2-3 elements of UuL(UdL), and even smaller corrections to
the 1-3 elements.
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Contrary to the left-handed case, the right-handed diagonalization matrices
become the identity in the limit of vanishing light-quark masses (or vanishing
∆Y du,d). Neglecting the first generation eigenvalues, and working to first order in
λu2 and λd2, we get
UuR =
 1 0 00 1 −λu2steiφt
0 λu2ste
−iφt 1
 , UdR =
 1 0 00 1 −λd2sbeiφb
0 λd2sbe
−iφb 1
 .
We are now ready to evaluate the CKM matrix VCKM = (UuL · U †dL)∗. Using
the decomposition above we find
V
(0)
CKM =
(
U∗Qu 0
0 1
)
×R23(s; ξ)×
(
UTQd 0
0 1
)
(5.3.17)
≈
 cucd + susd ei(αd−αu) −cusd e−iαd + sucd e−iαu suse−i(αu−ξ)cusd eiαd − sucd eiαu cucd + susd ei(αu−αd) cuseiξ
−sds ei(αd−ξ) −scde−iξ 1
 ,(5.3.18)
where (s/c)eiξ = xbe
−iφb − xte−iφt , and in the second line we have set c = 1.
With an appropriate rephasing of the fields this structure is equivalent to the one
in Ref. [190] (with φ = αd − αu and su,d → −su,d). To match this structure with
the standard CKM parametrization, we rephase it imposing real Vud, Vus, Vcb, Vtb,
and Vcs (which is real at the level of approximation we are working), obtaining
VCKM =
 1− λ2/2 λ suse−iδ−λ 1− λ2/2 cus
−sds ei(φ+δ) −scd 1
 , (5.3.19)
where φ = αd − αu, while the phase δ and the real and positive parameter λ are
defined by
sucd − cusde−iφ = λeiδ. (5.3.20)
The parametrization (5.3.19) is equivalent, in terms of precision, to the Wolfen-
stein parametrization up to O(λ4) and, similarly to the latter, can be systemati-
cally improved considering higher powers in s, sd, and su. The four parameters su,
sd, s, and φ can be determined completely (up to discrete ambiguities) in terms
of the four independent measurements of CKM elements. In particular, using
tree-level inputs we get
s = |Vcb| = 0.0411± 0.0005 , (5.3.21)
su
cu
=
|Vub|
|Vcb| = 0.095± 0.008 , (5.3.22)
sd = −0.22± 0.01 or − 0.27± 0.01 . (5.3.23)
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As a consequence of the U(2)Q symmetry, |Vtd/Vts| is naturally of O(λ) and the
smallness of |Vub/Vtd| is attributed to the smallness of su/sd [116]. The latter hy-
pothesis fits well, at least qualitativey, with the strong alignement of the spurions
∆Yu and V in the U(2)Q space indicated by the smallness of mu/mc.
5.3.3 Soft-breaking masses
In the limit of unbroken symmetry the three soft mass matrices have the following
structure:
m2
f˜
=
 m2fh 0 00 m2fh 0
0 0 m2fl
 (5.3.24)
where the m2fi and are real parameters. When the spurions are introduced in
order to build the Yukawas, they also affect the structure of the soft masses,
which assume the form
m2
Q˜
= m2Qh
(
1 + cQvV
∗V T + cQu∆Y ∗u ∆Y
T
u + cQd∆Y
∗
d ∆Y
T
d xQe
−iφQV ∗
xQe
iφQV T m2Ql/m
2
Qh
)
,(5.3.25)
m2
d˜
= m2dh
(
1 + cdd∆Y
T
d ∆Y
∗
d xde
−iφd∆Y Td V
∗
xde
iφdV T∆Y ∗d m
2
dl
/m2dh
)
, (5.3.26)
m2u˜ = m
2
uh
(
1 + cuu∆Y
T
u ∆Y
∗
u xue
−iφu∆Y Tu V
∗
xue
iφuV T∆Y ∗u m
2
ul
/m2uh
)
, (5.3.27)
where the ci and the xi are real O(1) parameters.
Let’s consider first the case of m2
Q˜
. In the limit where we neglect light quark
masses (∆Yu,d → 0), adopting the explicit parametrization in sect. 5.3.1, we have
R23(sQ;−φQ)×m2Q˜ ×R23(−sQ;−φQ) = (m2Q˜)d = diag(m2Q1 ,m2Q2 ,m2Q3) (5.3.28)
where sQ/cQ = xQ/(1−m2Ql/m2Qh) ≈ xQ and
m2Q1 = m
2
Qh
, (5.3.29)
m2Q2 = m
2
Qh
(
1 + 2cQv + 
2x2Q
)
+O(2m2Ql) , (5.3.30)
m2Q3 = m
2
Ql
− 2xQm2Qh +O(2m2Ql) . (5.3.31)
This implies that in the mass-eigenstate basis of down quarks, m2
Q˜
is diagonalized
by
W d†L m
2
Q˜
W dL = diag(m
2
Q1
,m2Q2 ,m
2
Q3
) , W dL = U
∗
dL
×R23(−sQ;−φQ) . (5.3.32)
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With such definition the coupling of the gluinos to left-handed down-type quarks
and squarks in their mass-eingestate basis is governed by [d¯iL(W
d
L)ij q˜
j
L] g˜.
Employing the CKM phase convention in (5.3.19) for both down-type quarks
and down-type squarks, the mixing matrix W dL assumes the form
W dL =
 cd sde−i(δ+φ) −sdsLeiγe−i(δ+φ)−sdei(δ+φ) cd −cdsLeiγ
0 sLe
−iγ 1

=
 cd κ∗ −κ∗sLeiγ−κ cd −cdsLeiγ
0 sLe
−iγ 1
 , (5.3.33)
where κ = cdVtd/Vts,
sLe
iγ = e−iξ(sxbe
−iφb + sQe−iφQ) ≈ xbe−i(ξ+φb)
(
1 +
xQ
xb
ei(φb−φQ)
)
, (5.3.34)
and, as usual, we have neglected O(2) corrections. To understand the structure
of i→ j FCNCs, it is useful to consider the combinations
λ
(a)
i 6=j = (W
d
L)ia(W
d
L)
∗
ja , λ
(1)
ij + λ
(2)
ij + λ
(3)
ij = 0 , (5.3.35)
for which we find
λ
(2)
ij = cdκ
∗ +O(s2Lκ∗) [ij=12], +sLκ∗eiγ [ij=13], +cdsLeiγ [ij=23],
λ
(3)
ij = s
2
Lκ
∗cd [ij=12], −sLκ∗eiγ [ij=13], −cdsLeiγ [ij=23].
(5.3.36)
From these structures we deduce that 2 → 1 transitions receives contributions
aligned, in phase, with respect to the SM term. The new non-trivial phase γ
enters only in FCNC transitions of the type 3 → 1, 2, where it appears as a
universal correction relative to the CKM phase. Note that the phase γ and the
2 → 3 effective mixing angle sL do not vanish also in the limit of vanishing
breaking terms in the soft mass matrix (xQ → 0).
Switching-on the ∆Yu,d terms in m
2
Q˜
leads to tiny corrections to W dL that can
be neglected to a good approximation, similarly to the light-quark corrections to
the CKM matrix elements. The most significant impact of ∆Yu,d 6= 0 is on the
mass splitting of the first two generations. In principle, the mass splitting of the
first two generations has a non-negligible impact on 2 → 1 FCNC transitions
(Kaon physics). However, in the limit m2Ql  m2Qh it becomes negligible also for
2→ 1 transitions.
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|Vud| 0.97425(22) [181] fK (155.8± 1.7) MeV [182]
|Vus| 0.2254(13) [183] BˆK 0.724± 0.030 [184]
|Vcb| (40.89± 0.70)× 10−3 [163] κ 0.94± 0.02 [185]
|Vub| (3.97± 0.45)× 10−3 [186] fBs
√
Bˆs (291± 16) MeV [187]
γCKM (74± 11)◦ [25] ξ 1.23± 0.04 [187]
|K | (2.229± 0.010)× 10−3 [31]
SψKS 0.673± 0.023 [188]
∆Md (0.507± 0.004) ps−1 [188]
∆Ms (17.77± 0.12) ps−1 [189]
Table 5.1: Observables and hadronic parameters used as input to the CKM fit. Table
taken from [7].
5.4 Implications of U(2)3
While the CKM picture has been very successful in describing experimental ob-
servations of flavour and CP violation, recently there are mounting tensions in
this description. Firstly, there is a tension among the CP violating parameter in
the K system |K |, the ratio of mass differences in the Bd,s systems ∆Md/∆Ms
and the mixing induced CP asymmetry in Bd → ψKS, which in the SM measures
sin(2β) [25, 152, 177–179]. Secondly, there are hints for a sizable mixing-induced
CP asymmetry in Bs → J/ψφ, implying non-standard CP violation in the Bs
system, and an anomalous dimuon charge asymmetry, pointing to non-standard
CP violation either in the Bd or Bs systems [163,180].
To expose the tension among |K |, sin(2β) and ∆Md/∆Ms in the SM, we
perform a global fit of the CKM matrix. By removing one observable from the fit,
one obtains a prediction for it which can then be compared to its experimental
value.
In a second step, we discuss the modification of the ∆F = 2 observables
entering the fit in the U(2)3 setup. Performing a fit of the CKM matrix and the
relevant additional model parameters allows us to predict the size of CP violation
in the Bs system and to get information on the scale of sparticle masses.
5.4.1 Input data and Standard Model fit
We perform global fits of the Wolfenstein CKM parameters λ, A, ρ¯ and η¯ to (a
subset of) the observables given in the left column of table 5.1. To this end, we
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Figure 5.1: Results of two global fits of the CKM matrix using tree-level and ∆F = 2
observables, excluding SψKS = sin(2β) (top row) or |K | (bottom row). The bands in
the left panels correspond to 2σ errors. The dotted bands in the right panels correspond
to 1σ experimental errors. Figure taken from [7].
use a Markov Chain Monte Carlo with the Metropolis algorithm to determine the
Bayesian posterior probability distribution for the input parameters. We treat all
errors as Gaussian, taking into account the experimental uncertainties indicated
in the left column of table 5.1 as well as the theoretical ones, due to the hadronic
parameters collected in the right column of table 5.1.
Figure 5.1 shows the fit results for two fits: in the first case all the constraints
in the left column of table 5.1 except for SψKS = sin(2β) have been used, in the
second case all constraints except for |K |. The left panels show the 2σ bands of
the individual constraints in the (ρ¯, η¯) plane and the 68% and 95% C.L. region
for ρ¯ and η¯. The dashed lines show the band of the “unused” constraint, which
in both cases clearly deviates from the region preferred by the fit. This becomes
even more apparent comparing the probability density functions of SψKS and |K |
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to their experimental values as shown in the right panels.
These tensions, if explained by NP, could be due to non-standard contributions
in neutral kaon mixing, non-standard CP violation in Bd mixing or a non-universal
modification of the mass differences in the Bd and Bs systems. In the next section,
we will discuss which of these solutions is possible in the U(2)3 setup.
5.4.2 Supersymmetric fit
For m2Ql  m2Qh the three down-type ∆F = 2 amplitudes, including SM and
gluino-mediated contributions, assume the following simple form
M(K0 → K¯0) =
∣∣∣M(tt)SM ∣∣∣ (V ∗tsVtd)2|V ∗tsVtd|2
[
1 +
s4Lc
4
d
|Vts|4 F0
]
+M(tc+cc)SM , (5.4.1)
M(Bd → B¯d) = |MSM| (V
∗
tbVtd)
2
|V ∗tbVtd|2
[
1 +
s2Lc
2
d
|Vts|2 e
−2iγ F0
]
, (5.4.2)
M(Bs → B¯s) = |MSM| (V
∗
tbVts)
2
|V ∗tbVts|2
[
1 +
s2Lc
2
d
|Vts|2 e
−2iγ F0
]
, (5.4.3)
where in the kaon case we have separated the leading top-top contribution from
the subleading top-charm and charm-charm terms. The function F is
F0 =
2
3
(
gs
g
)4
m2W
m2Q3
1
S0(xt)
[
f0(xg) +O
(
m2Ql
m2Qh
)]
, xg =
m2g˜
m2Q3
,(5.4.4)
f0(x) =
11 + 8x− 19x2 + 26x log(x) + 4x2 log(x)
3(1− x)3 , f0(1) = 1, (5.4.5)
where S0(xt = m
2
t/m
2
W ) ≈ 2.4 is the SM one-loop electroweak coefficient function.
Note that, since SM and gluino-mediated contributions generate the same ∆F = 2
effective operator, all non-perturbative effects and long-distance QCD corrections
have been factorized. The typical size of F0, as a function of the gluino mass and
mQ3 , is shown in figure 5.2.
Eq.s (5.4.1)–(5.4.3) lead to remarkably simple expressions for the modification
of the ∆F = 2 observables entering the CKM fit. Defining x = s2Lc
2
d/|Vts|2, one
can write
K = 
SM(tt)
K ×
(
1 + x2F0
)
+ 
SM(tc+cc)
K (5.4.6)
SψKS = sin
(
2β + arg
(
1 + xF0e
−2iγ)) , (5.4.7)
∆Md = ∆M
SM
d ×
∣∣1 + xF0e−2iγ∣∣ , (5.4.8)
∆Md
∆Ms
=
∆MSMd
∆MSMs
. (5.4.9)
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Figure 5.2: Value of the loop function F0 defined in (5.4.4) as function of the gluino
and left-handed sbottom masses. Figure taken from [7].
Analogously, the mixing-induced CP asymmetry in Bs → J/ψφ can be written as
Sψφ = sin
(
2|βs| − arg
(
1 + xF0e
−2iγ)) , (5.4.10)
where βs = −Arg [−(V ∗tsVtb)/(V ∗csVcb)] is the SM mixing phase.
We are now in a position to perform a fit of the CKM matrix in the super-
symmetric case, varying x, F0 and γ of eq.s (5.4.6)–(5.4.8) in addition to the 4
Wolfenstein parameters and using all observables in the left column of table 5.1 as
constraints, with the appropriate modification of ∆F = 2 amplitudes as discussed
above. Given the typical size of F0 as shown in figure 5.2, we impose a flat prior
F0 < 0.2.
The left panel of figure 5.3 shows the fit result in the (ρ¯, η¯) plane. The ten-
sion among |K |, SψKS and ∆Md/∆Ms has disappeared. More precisely, we find
χ2/Ndof = 0.7/2, compared to χ
22/Ndof = 9.8/5 for the full SM fit. This is due
both to a positive SUSY contribution to |K | as well as a new phase in Bd mixing.
Note that the positive sign of the SUSY contribution to |K | is an unambiguous
prediction of our framework. The right panel shows the preferred values for the
combination F0x and the phase γ entering Bd,s mixing. As shown in the left panel
of figure 5.4, F0 and x are not very well constrained separately, but F0 & 0.05 is
preferred by the fit, implying sub-TeV gluino and squark masses (see figure 5.2).
The non-zero value of γ required by the fit to solve the CKM tensions implies
non-standard CP-violation in the Bs system by means of equation (5.4.10). We
show the fit prediction for Sψφ in the right panel of figure 5.4 in the SψKS vs. Sψφ
plane. While SψKS coincides with the experimental measurement (note that it
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Figure 5.3: Left: result of the global fit with inclusion of the corrections as in eq.s
(5.4.6-5.4.8). Right: preferred values of the parameters defined in text, as determined
from the fit. Figure taken from [7].
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Figure 5.4: Correlation among the preferred values of x and F0 (left) and prediction of
Sψφ as a function of SψKS (right) as determined from the supersymmetric fit. Figure
taken from [7].
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was among the fit constraints), Sψφ is clearly preferred to be larger than its tiny
SM value, indicated by a horizontal line. The pattern implied by (5.4.6-5.4.9)
was already noticed in [190] assuming the dominance of the LL operators. The
correlation between SψKS and Sψφ implied by eq.s (5.4.7) and (5.4.10) is the same
pointed out in [191] in the context of effective theory approaches with a horizontal
SU(2) symmetry acting on left-handed light quarks.
For the semi-leptonic asymmetry asSL and the like-sign dimuon charge asym-
metry ASL measured at the Tevatron, we find values below the permille level. We
note that an enhancement of ASL above the 3 permille level requires NP con-
tributions to the absorptive part of the mixing amplitude [192], which are not
generated in our framework.
5.5 Consequences of U(2)3 and MFV
Within the supersymmetric framework we are considering, gluino-mediated am-
plitudes are the dominant non-standard effect in ∆F = 2 observables. However,
it is worth to stress that the results of the fit in Section. 5.4.2 are, to a large
extent, valid also beyond the assumption of gluino-mediated dominance and even
beyond supersymmetry: they are a general consequences of U(2)3 and its breaking
pattern.
Employing a general effective-theory approach, we can analyse the general
structure of FCNC amplitudes by considering higher-dimensional operators for-
mally invariant under U(2)Q × U(2)u × U(2)d, constructed from SM fields and
U(2)3-breaking spurions. As in the MFV case [27], in our framework the leading
flavour-changing amplitudes are of left-handed type and, to a good approxima-
tion, can be evaluated neglecting the effects of light-quark masses (i.e. setting
∆Yu,d → 0).
The generic combination of left-handed quark bilinears up to O(2) = O(λ4)
has the following structure,
XˆLL = q¯iXijqj = a1Q¯
†Q+ a3q¯3q3 + b13(Q¯V ∗)q3
+b31q¯3(V
TQ) + a2(Q¯V
∗)(V TQ) +O(3) , (5.5.1)
where ai and bij are O(1) coefficients. With this definition, the ∆F = 2 Hamilto-
nian can be written as
H∆F=2eff =
1
2
(
Xˆ2LL + Xˆ
†2
LL
)
= Xˆ2LL
∣∣∣
ai→<(ai), b31=b∗13
(5.5.2)
where Xij assumes the following form in the mass-eigenstate basis of down-type
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quarks:
Xd = U∗dL ×
 a1 0 00 a1 + a22 b31
0 b13 a3
× UTdL . (5.5.3)
The Xd entry relevant to kaon physics is
Xd12 = sdcde
−i(φ+δ) [s2b(a3 − a1)− b31sbeiφb − b13sbe−iφb + a22]
+O(sd3) (5.5.4)
= cKV
∗
tdVts +O(sd3) . (5.5.5)
Once we take into account the conditions on ai and bij dictated by the hermiticity
of the ∆F = 2 Hamiltonian in (5.5.2), it follows that the O(1) coefficient cK is
real. Similarly, the entries relevant to B physics are
Xd13 = sde
−i(φ+δ) [−sb(a3 − a1)e−i(ξ+φb) + b31e−iξ]+O(sd2)
= cBe
iαBV ∗tdVtb +O(sd2) , (5.5.6)
Xd23 = cd
[−sb(a3 − a1)e−i(ξ+φb) + b31e−iξ]+O(2)
= cBe
iαBV ∗tsVtb +O(2) , (5.5.7)
From these structures we can generalize the following three statements on the
corrections to ∆F = 2 amplitudes that we already found in the specific case of
the gluino-mediated amplitudes:
i. in all cases the size of the correction is proportional to the CKM combination
of the corresponding SM amplitude (MFV structure);
ii. the proportionality coefficient is the same in Bd and Bs systems, while it
may be different in the kaon system;
iii. new CP-violating phases can only appear in the Bd and Bs systems (in a
universal way).
These statements are a general consequence of the U(2)3 flavour symmetry and its
breaking pattern. The properties ii. and iii. have indeed already been discussed in
the literature in the context of MFV in the large tan β limit: the statement ii. was
already discussed in [27], in absence of flavour-blind phases, while the condition
iii. has been pointed out in [138]. This is not surprising, since the U(3)3 group of
MFV is broken to SU(2)3 × U(1) in the large tan β limit [138].
Since the U(2)3 group is our starting point, these conditions are naturally
realized in our framework independently of the value of tan β and without the need
of considering operators with high powers of the spurion fields. The only model-
dependent result following from the assumption of gluino-mediated amplitudes is
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Chiral field GSM1 G
SM
2
χh (3, 2,
1
6
) (3, 2,−1
6
)
χ˜h (3, 2,−16) (3, 2, 16)
χ` (1, 2,
1
2
) (1, 2,−1
2
)
χ˜` (1, 2,−12) (1, 2, 12)
Table 5.2: Transformation properties of the link fields under GSM1 ×GSM2 .
the sign of the contribution to K that, as we have seen, goes in the direction
required by data. Note also that, assuming U(2)3 from the beginning, we realize
the decoupling of B and K physics without the need of operators with several
powers of the Yukawa couplings (contrary to Ref. [27, 138]), operators which are
naturally suppressed in a weakly coupled theory such as the MSSM.
5.6 A dynamical model
As recalled in Section 5.1, the U(3)3 of MFV arises in gauge mediation of super-
symmetry breaking. The only condition for this to be the case is that the scale at
which the Yukawa couplings are generated is higher than the scale of the messen-
ger masses. Here we briefly outline a possible dynamical model for the generation
of the U(2)3 described above, suitably modifying a proposal in Ref. [193].
The basic splitting between the third and the first two generations arises from
a doubling of the SM gauge group, GSM1 and G
SM
2 , a “two-site deconstruction” of
the SM, with the third generation of matter superfields transforming in the usual
way under GSM1 and the first two generations under G
SM
2 . Like the third generation
of matter, the two Higgs doublets of the MSSM also transform only under GSM1 .
As usual, the SM is made to emerge at low energy by spontaneously breaking
the product group GSM1 × GSM2 down to the diagonal subgroup by the VEV’s of
vector-like link fields. Departing from the assignments in [193], we choose their
transformation properties as indicated in table 5.2, with an eye to the desired
pattern of the Yukawa couplings in flavour space. To avoid unwanted light states
the superpotential will have to include quartic terms of the form χhχ`χ¯hχ¯`. The
definition of the model is complete by including a supersymmetry breaking sector
directly coupled to messengers of mass M charged under GSM2 .
In absence of Yukawa couplings such a model has a built in U(2)3 flavour
symmetry with the first and second generation sfermions receiving a standard
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gauge-mediation two loop mass
m2GM ≈
( α
4pi
)2( F
M
)2
, (5.6.1)
while the third generation sfermion masses are suppressed since they effectively
come from gaugino mediation
m2gM ≈
( α
4pi
)3( F
M
)2
. (5.6.2)
Let us now introduce the most general Yukawa interactions of lowest possible
dimensionality, weighted by inverse powers of a mass scale M∗, not necessarily
related to M , but otherwise with dimensionless couplings of order unity. Defining
the small parameters
` ≡ 〈χ`〉
M∗
=
〈χ˜`〉
M∗
, h ≡ 〈χh〉
M∗
=
〈χ˜h〉
M∗
, (5.6.3)
one finds the following textures for the quark and squark mass matrices:
Yu, Yd ∼
 ` ` h` ` h
`h `h 1
 , (5.6.4)
m2u˜ ∼ m2d˜ ∼
 m2GM 0 `hm2GM0 m2GM `hm2GM
`hm
2
GM `hm
2
GM m
2
g˜M
 , (5.6.5)
m2
Q˜
∼
 m2GM 0 hm2GM0 m2GM hm2GM
hm
2
GM hm
2
GM m
2
g˜M
 , (5.6.6)
where we have neglected 2h terms in the 31 and 32 entries of Yd and in m
2
d˜
.
Taking ` ≈ h ≈ 10−2, these matrices are approximately equivalent to the ones
described in Section 2. Neglecting the small `h terms, the main difference is the
absence of correlation between the entries i3, i = 1, 2 of the matrices Yu, Yd,m
2
Q˜
implied in the general analysis by assuming the presence of a single spurion doublet
V under U(2)Q. As an example, such correlation can be effectively obtained here
by forcing vanishing 13 entries in these matrices via a discrete symmetry
(Q, u, d)2, χh, χ˜h, χ`1, χ˜`1 → −(Q, u, d)2, −χh, −χ˜h, −χ`1, −χ˜`1
while all the other fields are untouched. The only extra ingredient with respect
to the minimal model is an additional link field χ`2 , χ˜`2 with the same quantum
numbers of χ`1, χ˜`1 but neutral under Z2. Other discrete symmetries, which may
be worth studying, can be invoked to justify mass splitting and mixing angles of
the first two generations.
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5.7 Concluding remarks
Motivated in part by a few difficulties that seem to appear in the current de-
scription of the flavour and CP-violation data, espcially in the sector of ∆F = 2
observables, and in part by the absence of large deviations from the Standard
Model elsewhere, we have considered in this Chapter the possibility that the
problem of ∆F = 2 observables be due to the emergence of long waited signals of
supersymmetry in the flavour and CP-violating sectors. To do this, we have found
particularly useful to reconsider the proposal that a weakly broken U(2) symme-
try be operative in determining the full flavour structure of the supersymmetric
extension of the SM. Among the appealing features of U(2) and an advantage
over the standard MFV proposal is that it allows the first two generations of
sfermions to be substantially heavier than the third one, which helps to address
specifically also the supersymmetric CP problem. A single U(2) has a problem,
however: the dominance over every other effect of the contribution to K due to a
LR operator with its chirally enhanced K0 − K¯0 matrix element. The solution of
this problem resides in enlarging U(2) to the full U(2)Q × U(2)u × U(2)d symme-
try of the first two generations and demanding that the communication with the
third generation be due to doublets under U(2)Q only. If only one such doublet is
present, characteristic correlations exist between the various ∆F = 2 amplitudes
that we have exploited to improve the consistency of the fit of the flavour and
CP-violation current data. A striking confirmation of this picture can be pro-
vided by the measurement, currently under way by the LHCb collaboration with
sufficient precision, of the CP asymmetry in Bs → ψφ, predicted to be positive
and above its Standard Model value: 0.05 <∼ Sψφ <∼ 0.2. Furthermore, to attribute
it to supersymmetry requires finding a gluino and a left-handed sbottom with
masses below about 1÷ 1.5 TeV.
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Final Conclusions
In this Thesis we made considerations about supersymmetric extensions of the
Standard Model characterized by a non-standard spectrum of hierarchical type.
The main motivations for going in this direction are the SUSY Flavour and CP
problems: while the former can be solved also assuming Minimal Flavour Vi-
olation with almost degenerate sfermions, the latter is clearly in trouble if the
sfermions of the first two generations are not heavy enough. If one wants to keep
naturalness as a guiding criterion, then one is naturally led to consider a Non
Standard Supersymmetric Spectrum with a hierarchy between the first two gen-
erations and the third one, possibly together with a lightest Higgs boson heavier
than mZ already at tree level
1.
In Chapter 2, as a preliminary study for the subsequent analyses, we gave
attention to supersymmetric models in which the lightest Higgs boson mass is
significantly increased at tree level, thanks to extra contributions to the Higgs
quartic coupling.
From a ‘bottom-up’ point of view we did not require that the new couplings
do not run to large values before the Grand Unification (GUT) scale; instead we
just required that they do not become strong before a scale Λ which can even
be as low as 102 ÷ 103 TeV. Focussing on the simplest possible extensions of
the MSSM which can meet the goal, i.e. adding a new U(1) or SU(2) gauge
interaction or adding a gauge singlet with large coupling to the Higgses (λSUSY),
we studied the interplay between the constraints coming from naturalness and
precision data. We showed that it is indeed possible to have mh = 200 ÷ 300
1NOTE ADDED: During the time between the approval and the defense of this Thesis, a
SM-like Higgs boson with mass between 141 GeV and 476 GeV has been excluded at 95% c.l.
by the LHC collaborations [1]. The considerations of Chapters 2 and 3 are thus now excluded
unless the couplings or/and Branching Ratios of the lightest Higgs boson differ significantly with
respect to the SM ones.
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GeV at tree level, although one may end up with a low semiperturbativity scale
Λ . 100 TeV, a low scale M at which the soft terms are generated, or the need
for an extra positive contributions to T . Comparing the “performance” of the
three models we showed that λSUSY tends to minimize the above potentially
problematic features. Furthermore a significant reason why λSUSY is preferable
in our context is the naturalness bound on the masses of the heavy sfermions of
the first two generations, as discussed in the subsequent Chapter.
In Chapter 3 we gave consideration to the possibility that the Higgs mass
problem and the SUSY Flavour problem point towards an extension of the MSSM
without a light Higgs boson. The basic idea is that a lightest Higgs boson naturally
heavier than in the MSSM renders at the same time more natural that the SUSY
Flavour problem has something to do with a hierarchical structure of the sfermion
masses.
In fact, with a totally anarchic flavour structure, the constraints set by the
lack of flavour signals would require values of the masses of the first two gen-
erations that are totally incompatible with naturalness. However, even without
making precise assumptions about the symmetry structure of the Flavour sector,
with an amount of degeneracy and alignment of order of the Cabibbo angle the
SUSY Flavour and CP problems can be relaxed with sfermions of the first two
generations at about m1,2 ∼ 20 TeV, keeping the third generations at about 500
GeV. Within the MSSM this hierarchical picture, which has often been considered
in the literature as a way to alleviate the SUSY Flavour problem, tends to be dis-
favoured by naturalness arguments. In fact to have no more then 10% finetuning
on the Fermi scale one needs in the strongest case m1,2 < 2 TeV for M = MGUT ,
or m1,2 < 7÷9 TeV for M = 103÷102 TeV. The situation can change in a context
in which the Higgs boson mass is increased at tree level, since the naturaleness
bounds on the various masses scale rougly as mtreeh /mZ . To see this explicitly, we
computed this bound for the three models studied in Chapter 2. The result is that
m1,2 ∼ 20 TeV is possible only in the case of λSUSY, while in the case of gauge
extensions the new large coupling is shared also by the first two generations so
that the naturalness bounds turn out to be even stronger. We also checked that
electromagnetism and colour conservation are not of concern in our case.
Interesting phenomenological features of this ‘Non Standard Supersymmetric
Spectrum’ are first of all the abundance of top, even more than bottom quarks, in
the gluino decays, giving rise to a distinctive signature in gluino pair production
which could be detected already in the early stages of the LHC. Moreover there is
the appearance of the very much non MSSM-like golden mode decay of the lighest
Higgs boson, h → ZZ. Finally one obtains a distinctive distortion of the relic
abundance of the lightest neutralino, relative to the MSSM, due to the s-channel
exchange of the heavier Higgs boson in the LSP annihilation cross section, with
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an LSP that needs no longer to be “well-tempered”, as well as a suppression of the
direct detection cross section, which scales as m−4h and is currently being probed
in the XENON100 experiment [194].
In Chapter 4 we made more precise assumptions about the flavour symmetry
structure and its breaking pattern. In fact, as discussed in the previous Chapter,
a hierarchical spectrum goes in the right direction in order to solve the SUSY
Flavour and CP problems, but one still needs some amount of degeneracy and
alignment of order of the Cabibbo angle. On the other hand the principle of
Minimal Flavour Violation is very efficient in suppressing new sources of FCNC,
but the usual pattern U(3)Q×U(3)u×U(3)d only broken in a suitable way by Yu
and Yd is clearly not compatible with hierarchical sfermion masses. This in turn
means that nothing suppresses the effects coming from the Flavour Blind phases,
which typically produce too large contributions to the EDMs. It is thus natural
to combine the two suppression mechanisms, trying to keep the good features of
both.
Motivated by these considerations and by the special role of the top Yukawa
coupling, we analyzed a pattern of flavour breaking in which only the squarks that
share the top Yukawa coupling with the Higgs system are light. Moreover we as-
sumed that the individual flavour numbers in the quark sector are conserved in the
limit Yd → 0, which means that Yu is diagonal in the same basis that diagonalizes
the squark mass matrices. We showed that the symmetry U(1)3Q+u × U(3)d, only
suitably broken by the small Yd couplings, gives rise to effective Minimal Flavour
Violation of the Flavour Changing Neutral Current amplitudes. Given this flavour
structure, we determined the precise bound on the heavy masses which turned out
to be typically of order 5÷10 TeV. To do so, we properly took the QCD correc-
tions to the Wilson coefficients into account, including an effect which had been
so far neglected.
Finally we studied CP violation in this framework of ‘Effective MFV’ with
hierarchical squark masses. We showed that all the phases allowed by the flavour
symmetry, in particular the phase of the µ term, the gaugino masses and the
trilinear couplings, can be sizable without violating the EDM constraints, thus
solving the SUSY CP problem. Actually one needs only a moderate hierarchy in
order to satisfy the EDM bounds with O(1) FB phases and moderate tan β, so
that such a spectrum can be natural even without increasing the lightest Higgs
boson mass at tree level as done in Chapters 2 and 3 (see [41]). Interestingly,
due to the lightness of the left-handed sbottom, these phases can produce CP
violating effects in B physics which are within the reach of future experiments.
This is at contrast with the usual MFV case in which, after satisfying the EDM
bounds by suppressing the FB phases, there is small or no room for any new
effect. We performed a numerical analysis of two benchmark scenarios, i. with a
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complex µ term and vanishing trilinear couplings and ii. with a real µ term and
sizable complex trilinears. In both cases and with sizable FB phases the two-loop
contributions to the EDMs, which are independent of the first two generation
sfermion masses, lead to an electron EDM which is in the ballpark of the current
experimental upper bound. The effects on CP asymmetries in B physics, to be
scrutinized by forthcoming experiments, are quite limited in scenario i. but can
lead to interesting signatures in scenario ii. and in the general case of phases in µ
and µAt.
This setup does not provides a theory of flavour or CP violation, but it con-
stitutes an example of a simple solution to the SUSY flavour and CP problems
which is consistent with naturalness and does lead to visible signatures in flavour
physics. Thus, it reaffirms the necessity to search for electric dipole moments and
CP violation in B physics as complementary tools to the LHC.
Notice also that if tan β acquires a large value, like tan β ≈ mt/mb, then
significant deviations from the SM typically occur in ∆F = 1 and in CP-violating
∆F = 0 amplitudes, even in supersymmetry with MFV. Since we assumed a
moderate value of tan β, this possibility has not been our concern here.
Finally, in Chapter 5 we showed how one could be even more ambitious and
look for sizable corrections in the ∆F = 2 amplitudes that relax the amount of
‘tension’ which is present in the CKM fit, especially between SψKS and K . In
fact if one removes one of the two from the fit, then the prediction for it, based on
all the other observables, is 4÷ 5σ away from the experimental value. Moreover
an ambitious model should try to explain, at least in part, the pattern of fermion
masses and mixings. In Chapter 5 we adopted this point of view and extended
an earlier proposal of U(2) flavour symmetry to U(2)3 = U(2)Q × U(2)u × U(2)d,
broken in a suitable way. This pattern is again as efficient as MFV in suppressing
the various FCNC, and there are only two new parameters with respect to the
usual CKM picture: one angle and one phase.
We analyzed the consequences on the current flavour data of this suitably
broken U(2)3 symmetry acting on the first two generations of quarks and squarks.
A definite correlation emerged between the ∆F = 2 amplitudes M(K0 → K¯0),
M(Bd → B¯d) and M(Bs → B¯s), which can resolve the current tension between
M(K0 → K¯0) and M(Bd → B¯d), while predicting M(Bs → B¯s). In particular,
the CP violating asymmetry in Bs → ψφ is predicted to be positive and above its
Standard Model value (0.05 <∼ Sψφ <∼ 0.2). The preferred region for the gluino and
the left-handed sbottom masses is below about 1÷ 1.5 TeV.
This last study can be extended in several directions, that we briefly men-
tion. First, although the effects in ∆F = 2 amplitudes are the ones of most
obvious phenomenological significance at present, some effects in ∆F = 1 transi-
tions will also be present, relevant to future measurements. Specifically we refer
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to CP violation, both due to the phases in (5.2.3) and (5.2.4), and to possible
flavour blind phases, not strongly constrained by the EDMs due to the heaviness
of the first sfermion generation [195]. Secondly, no assumption is made here about
possible intermediate breaking patterns of U(2)3, similarly to what was done in
Ref. [190] for the U(2) case. This allowed to correlate su, sd in (5.2.3) and (5.2.4)
to the ratios of light quark masses mu/mc and md/ms. A reconsideration of these
attempts, appropriately corrected, in view of the current data might be useful.
Finally, the problem is pending of describing a dynamical model that realizes the
phenomenological U(2)3 picture. Section 5.6 provides an example, which may be
useful to study in more detail and/or be suitably modified.
NOTE ADDED: As a very final comment, we notice that ideas related to
what discussed in this thesis have been recently put forward and further studied
by many different authors as a crucial Supersymmetric configuration to be tested
at the LHC: [196–199].
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